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A major limitation to understanding tree growth processes is our poor grasp of the 
mechanisms which control the allocation of recent assimilates to different tree 
components. Understanding allocation is important as an accurate model of growth 
depends on the sizes of the various tree components and, because relative changes in 
allocation may lead to shifts in the global carbon and nutrient cycles. The effect of 
increased CO2 concentrations on the processes of growth and allocation are of 
particular importance in our understanding of the impacts of the continued increases 
in global atmospheric CO2 concentrations. Recent data suggest that the results of 
experiments on the impact of elevated CO2 concentrations can only properly be 
interpreted where the interactive effects with nutrient availability are known 
It was hypothesised that the allocation process is regulated by a balance between the 
rate of assimilation of two or more interdependent resources. The rate of carbon 
uptake depends on the nitrogen status of the leaves and the amount of nitrogen 
uptake depends on the amount of carbon assimilate available for root growth. The 
concept of a functional balance suggests that the plant requires resources to be in a 
proportional balance. In this study growing environments were manipulated to 
change the relative uptake rate of three key resources - carbon dioxide, nutrients and 
water - to see whether expected shifts in allocation were observed. 
The hypothesis that allocation between the main tree components is controlled by the 
relative uptake rates of carbon dioxide and nutrient was tested by growing one-year-
old sycamore seedlings (Acer pseudoplatanus L.) at elevated and ambient CO2 
concentrations and at two nutrient addition rates which were modelled in accordance 
with a predicted optimal growth function. Elevated CO 2 concentration significantly 
increased the leaf dry mass but did not significantly change the dry mass of any other 
component. In contrast nutrient addition rate had large effects on all biomass 
components with the exception of the root. Allocation was strongly affected by 
nutrient addition rate although CO2 treatment only affected the allocation to the stem. 
Nutrient concentrations were reduced by growth at elevated CO 2 concentrations. 
Leaf starch concentrations were larger at elevated CO 2 concentrations. There were 
no differences in soluble leaf carbohydrate concentrations between treatments. There 
was evidence of downregulation of photosynthesis at the low nutrient addition rate 
but not at elevated CO2 concentrations. 
Peach seedlings (Prunus persica (L.) Batsch) were grown in elevated and ambient 
CO2  concentrations and at two levels of water availability for one year to test the 
hypotheses that carbon dioxide and water availability control the relative allocation 
between the root and leaves, and between the leaves and stem in accordance with the 
functional balance. Half of the plants were grown with soil water at field capacity 
while water was withheld from the other half during a four week drying cycle. 
Elevated CO2 concentrations increased the biomass of all components with the 
exception of the fine roots. The impact of withholding water on the dry mass was 
much larger than the CO2 treatment effect although growth at elevated CO2 
concentrations ameliorated the effect of low water availability. There were only 
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small changes in allocation between all treatments although elevated CO2 
concentrations did increase the allocation to the leaves. The allocation to fine roots 
was reduced in the plants subjected to the drying cycle which is contrary to 
predictions of the functional balance hypothesis. The leaf area was affected by 
irrigation treatment but not by CO2 treatment, while the specific leaf area was 
significantly affected by CO 2  treatment. The assimilation rate and water use 
efficiency of plants grown at elevated CO 2 concentrations were increased and 
stomatal conductance decreased. There was no evidence of downregulation at 
elevated CO2 concentrations. 
It was hypothesised that there would be genotypic differences in allocation and this 
was studied by comparing the response of three Sitka spruce clones (Picea sitchensis 
(Bong.) Carr.) to CO2 concentration and nutrient availability in a long term 
experiment. Despite large differences in dry mass between CO 2 treatments at the end 
of the first growing season, there were no differences in allocation. During the 
second year, elevated CO2 concentrations led to a downregulation of photosynthesis 
and by the end of the growing season there were no longer any dry mass differences 
between plants in ambient and elevated CO 2 concentrations. There were also no 
differences in dry mass between nutrient treatments. There was a shift in allocation 
between the leader and branch which depended on the nutrient addition rate, but there 
were no CO2 effects on allocation. At the end of three years there were still no CO2 
treatment effects on the dry mass of trees, but there were large effects of nutrient and 
clone. There were also large differences between growth inside and outside open top 
chambers. Nutrient treatment affected allocation in a manner consistent with the 
functional balance hypothesis. The nutrient concentration was reduced by growth at 
elevated CO2 concentrations. 
In conclusion, the growth concentration of CO2 and nutrient and water availabilities 
are important in the control of allocation. Increases in atmospheric CO 2 
concentrations are likely to be accompanied by shifts in allocation towards the root 
and stem although the magnitude of these changes will be determined by the nutrient 
availability of soils. The effects of perturbations in these variables are also 
determined by differences in growth and allocation between clones of the same 
species, between species and by the development of allocation patterns which are 
dependent on phenology. The functional balance is useful in predicting changes in 





Allocation refers to the distribution of resources from sources where they were 
assimilated to sinks throughout a tree where they are utilised (Dewar, Ludlow & 
Dougherty, 1994). Allocation is not a process in its own right but the outcome of 
many processes including assimilation, translocation, respiration, growth, storage, 
hormone synthesis and other internal biochemical conversions (Cannell & Dewar, 
1994). Gene expression, phenology and biochemistry exert controls on allocation 
and the environment acts at all levels to affect the various processes which give rise 





















Figure I.I. A schematic diagram illustrating the potential sources, sinks, processes and 
controls that are involved in plant resource allocation. 
Our poor grasp of the mechanisms which control the allocation of recent assimilates 
to different tree components is a major limitation to understanding tree growth 
processes. Understanding allocation is important as an accurate model of growth 
depends on the sizes of various tree components. While photosynthesis is relatively 
well understood on the leaf scale (Teskey, Whitehead & Linder, 1994) and can be 
scaled up to the whole canopy if the leaf area is known (Stenberg et at, 1994), in the 
long term, changes in the leaf area must be predicted by an accurate allocation model 
if we are to have confidence in the output. 
Relative changes in allocation may lead to shifts in the global carbon and nutrient 
cycles (Rastetter et at, 1991). Global change as a result of anthropogenic activities 
may lead to changes in allocation as a result of increases in atmospheric CO 2 
concentrations, increased nitrogen deposition and changes in average temperature 
(Rastetter et at, 1991). Because of the possible direct effects on the carbon 
assimilation rate, predictions of changes in vegetation growth as a result of increased 
atmospheric CO2 concentrations are of particular importance. Atmospheric CO 2 
concentrations are predicted to double to approximately 700 jimol.moF' by the mid 
to late 21st century and continue to rise at a rate of approximately 1.2 pmol.mol'.yf' 
(Conway et at, 1988). Recent data suggest that the results of experiments on the 
impact of elevated CO 2 concentrations can only properly be interpreted where the 
interactive effects with nutrient availability are known (Linder & Rook, 1984). 
An indirect measure of allocation is provided by carbon accumulation in the different 
components of plants although this does not account for carbon which has been lost 
through respiration, exudation, fine root turnover and volatilisation. In the literature 
allocation is often used to describe the relative amounts of dry mass of the various 
tree components. 
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The genetics of a tree control allocation at the most fundamental level, allocation 
differing between tree species in response to changes in the environment (Lee & 
Jarvis, 1995). A striking illustration of the genetic influence on allocation is 
provided by an experiment by El Kohen, Venet & Mousseau (1993) who found that 
CO2 enrichment caused very different changes in growth and allocation in sweet 
chestnut and beech saplings which were grown in the same experiment. There is 
even evidence that different genotypes of the same species show a variation of 
responses to elevated CO2 concentrations (Townend, 1993). 
Ontogeny 
Ontogeny is a product of genetic control of allocation. Ontogeny exerts control on 
allocation through changes which take place over the lifetime of a tree. An obvious 
example would be the onset of reproduction when the tree reaches a certain age. 
Ontogeny can affect individual processes and lead to apparent changes in dry mass 
allocation. For example the proportion of all the photosynthate which is lost in 
respiration tends to increase with age as the ratio of non-photosynthetic to 
photosynthetic tissue increases (Kozlowski et al, 1991). There are also ontogenetic 
shifts in the relative amount of root and shoot dry mass with age (Murray et al, 
1996). 
Phenology 
There are marked seasonal effects on allocation. The seasonal growth of different 
components of Sitka spruce were well documented by McWilliam (1972). He found 
that budburst was synchronised throughout the tree in spring while xylem division 
occured at the same time as shoot elongation. Root growth was suspended during the 
phase of shoot elongation and occured before budburst in spring and after budset in 
autumn. This bimodal distribution of root growth is thought to be typical for conifers 
(Persson, 1979) but is not typical of deciduous species. 
Murray et at (1994) found that the phenology of Sitka spruce was significantly 
changed by growth at elevated CO2 concentrations. The timing of budburst was 
delayed by elevated CO2 concentrations and budset was earlier. 
Trees can be subdivided into two phenological groups; determinate and 
indeterminate. In species with determinate growth, shoot elongation occurs as the 
result of the expansion of pre-formed terminal buds on the main stem and branches 
while in species with indeterminate or 'free-growth' shoot elongation takes place as a 
result of concurrent initiation and elongation of new leaf primordia for the duration 
of the growing season (Kozlowski & Pallardy, 1997). Some determinate species 
have the capacity to grow a second late-season free-growth if conditions are 
favourable. The growth of determinate species depends to a large extent on 
conditions in the previous year whereas the growth of indeterminate species is more 
dependent on the immediate conditions (Lee & Jarvis, 1995; Murray et at, 1996). 
Hormonal controls 
Hormones are believed to have a major role in switching the growth of different 
tissues on or off (Dewar et at, 1994). The hormones involved in the regulation of 
sink strength include auxins, gibberellic acid, cytokinin and abscisic acid. 
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Hormone production may be initiated by genetic control and in this case should be 
considered more of a messenger than a control in its own right. The synthesis and 
distribution of hormones are also strongly influenced by environmental conditions so 
that their effects cannot be viewed as solely internal. 
Hormones may allow trees to synchronise growth of different components. For 
instance, auxin produced by expanding needles of Sitka spruce may control sink 
strengths in other parts of the tree. They might stimulate shoot elongation and xylem 
cell division , but inhibit the growth of roots, and this would explain the synchronous 
growth patterns observed by McWilliam (1972). 
EXTERNAL CONTROLS 
Direct effects and indirect effects 
External factors may act on allocation either directly or indirectly. Direct effects on 
sink activity occur through changed assimilation rates, respiration rates and turgor 
status (Dewar et al, 1994). A wide range of environmental variables (light, 
temperature, water availability, nutrient availability and CO2 availability) might act 
on allocation through indirect effects on gene expression, hormone synthesis or 
degradation, enzyme production and translocation rate. 
Functional balance 
Trees of a species maintain a constant ratio of root dry mass to shoot dry mass for a 
given set of environmental conditions and will over time return to the original ratio if 
either the root or the shoot are pruned (Brouwer, 1962). However, a change in the 
environmental conditions may be accompanied by a shift in allocation between the 
root and shoot. It is widely reported that increases in growth concentrations of CO2 
are accompanied by larger allocation to the root and a decline in shoot allocation 
(Eamus & Jarvis, 1989; Mousseau & Saugier, 1992; Ceulemans & Mousseau, 
1994). Conversely an increase in nutrient availability has been associated with 
increased allocation towards the shoot and decreased root allocation. The functional 
balance hypothesis (Brouwer, 1962) which states that the amount of tissue capable of 
CO2  fixation will be balanced with the amount of tissue capable of nutrient uptake is 
a useful concept for interpreting these observations. 
Brouwer (1962) stated that the relative balance between root and shoot dry mass 
depends on the rate of CO2 uptake by the leaves, the rate of nutrient uptake by the 




where W is the shoot mass, Wr is the root mass, c7c is the rate of carbon fixation per 
unit of shoot mass, a is the rate of nitrogen uptake per unit of root mass and K is a 
constant equal to the carbon to nitrogen ratio of the plant dry matter. 
The functional balance hypothesis is based on the interdependence of the two 
resources. Nitrogen is required in the leaves for carbon assimilation to occur, and the 
amount of carbon fixed determines the amount of root for nutrient uptake. 
Ingestad nutrition 
It follows from the functional balance hypothesis that if a plant is to grow in a 
balanced way then the rates of carbon and nutrient acquisition must be maintained. 
Unless the external concentration of the resource affects its rate of uptake, it is the 
rate of supply of the resource not the concentration which is of primary importance. 
As a tree grows the dry mass increases and because the rate of nutrient uptake per 
unit of root stays the same, the overall quantity of nutrient taken up by the tree must 
also increase (Equation 1.1). In fact the increase in quantity of nutrient taken up by 
the tree is directly related to the rate of increase of the root dry mass. Assuming that 
the root : shoot ratio remains constant it follows that the rate of increase in total 
nutrient uptake is equal to the rate of increase of the tree dry mass. 
Ingestad & Agren (1992) derived the same relations from first principles (Chapter 2, 
Ingestad Nutrition). The importance of Ingestad nutrition is that if nutrients are not 
supplied at the same rate as the plant is growing then there will be a nutrient 
limitation and there may be a shift in allocation to compensate. Traditional 
approaches to nutrient experiments where trees are fertilised once or twice a year or 
are bathed in different concentrations of nutrient are inadequate if we are to 
understand the processes involved in growth and allocation (Ingestad & Agren, 1992; 
see Chapter 2, Ingestad Nutrition). 
By experimentally changing the rate of nutrient supply in a controlled way the value 
of o (Equation (1.1)) can be lowered or raised and the outcome on the relative 
allocation between the root and shoot can be predicted. 
The effect of elevated CO 2 concentration. 
Whereas it is only at the extreme ranges of nutrient concentration that there is an 
effect of concentration on the rate of uptake from the soil, the concentration of CO 2 is 
important in determining the uptake rate of carbon (a., Equation (1.1)). The increase 
in carbon assimilation at raised concentrations of CO2 is well established (Eamus & 
Jarvis, 1989; Mousseau & Saugier, 1992; Luxmoore, Wullschleger & Hanson, 
1993). By experimentally changing the CO 2 concentration we can lower or raise the 
value of o (Equation (1.1)) and predict the effect on allocation between the root and 
shoot. 
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The interaction between nutrient and CO 2 availability 
The interactive effects of nutrient and CO2 availability are of particular interest in 
testing the functional balance hypothesis. Predictions made by the functional balance 
hypothesis can be tested by changing the values of cc and a. 
There is evidence that in the long term elevated CO 2 concentrations may initiate 
feedback loops which reduce the enhanced photosynthetic capacity (Wullschleger, 
1993; Gunderson & Wullschleger, 1994; Stirling et al, 1997). Downregulation of 
photosynthesis may be caused because the functional balance is disrupted and there is 
an increase in the carbon to nitrogen ratio in the plant tissue. The low tissue nutrient 
concentrations may affect the photosynthetic capacity directly (Mousseau & Saugier, 
1992) or cause an accumulation of soluble carbohydrate and starch which disrupt the 
photosynthetic activity (Mousseau & Saugier, 1992; Sage, 1994; Van Oosten & 
Besford, 1996). Downregulation should therefore depend on the degree of nutrient 
limitation (Arp, 1991; Sage, 1994). 
Water availability 
The functional balance hypothesis is also appropriate for describing the relative 
balance between root and shoot allocation in relation to water availability and use 
(Cannell & Dewar, 1994) because the acquisition of carbon and water are highly 
dependent on each other. 
The balance between the relative dry mass of the root and shoot is determined by the 
rate of uptake of water by the roots, the rate of uptake of carbon by the shoots and on 
a coefficient which describes the ratio of use of water and carbon in the plant. 
=QO w Wr 	 (2.2) 
where W is the shoot mass, Wr is the root mass, a,_ is the rate of carbon fixation per 
unit of shoot mass, aw is the rate of water uptake per unit of root mass and Q is a 
constant equal to the ratio of use of carbon and water. 
The interaction between water and CO 2 availability 
A number of authors have reported that the ratio of use of water and carbon (Q) is 
changed at elevated CO2 concentrations when compared to ambient CO2 
concentrations (Eamus, 1991). The ratio between carbon assimilated and water lost 
through evapotranspiration is increased at elevated CO2 concentrations (Drake, 
Gonzalez-Meler & Long, 1997) because of a reduction in stomatal conductance for a 
given internal CO2 concentration (Morison, 1985; Drake et al, 1997). 
Predictions from the functional balance hypothesis can also be tested by changing 
the availabilities of carbon and water and therefore their rates of uptake (a and (T). 
The interactions between CO2 concentration and water availability are of interest 
because of the changed ratio of use between the two resources. 
Interaction between water and nutrient availabilities 
Rogers et al (1992) proposed that in elevated CO2 concentrations there may be an 
increase in allocation to the roots to allow adequate nutrient acquisition in the 
absence of normal water absorption rates by the plant. The increase in water use 
efficiency and relative change in Q in the absence of a change in K (Equations (1.1) 
and (1.2)) may result in a nutrient deficiency. 
The relation between leaf and stem allocation 
Shinozaki et al (1964) proposed that the sapwood area and foliage biomass are 
related through a constant ratio. There is a functional interdependence between the 
foliage which transpires water and fixes carbon and the stem which acts as a conduit 
for the transport of water and nutrient to the leaves. This relationship forms the basis 
of the pipe-model: 
A s = us. Wf 	 (3.3) 
Where A 5 is the sapwood area which is proportional to Wf the total foliage biomass. 
The constant 77, is a species specific parameter which is related to the water-
conducting capacity of the sapwood and to the water economy at a particular site 
(Makela, 1990). 
There is data to support such a concept. Axeisson & Axeisson (1986) found that 
application of nutrients and different irrigation treatments over six years increased 
the dry matter of Scots pine and changed the allocation to the roots but had almost no 
effect on the allocation between foliage and woody parts. However, Santantonio 
(1989) reviews several studies and shows that allocation between foliage and 
stemwood varies with site quality and canopy closure. Whitehead et al (1984) found 
that the relationship between sapwood area and foliage area varied for different 
species. 
The suggestion that there is a strong synchrony between shoot extension and xylem 
growth may explain how the relationship between foliage and stem dry mass develop. 
The expanding shoots may release auxins which stimulate xylem growth. 
Makela (1990) developed a model of whole-tree growth which combined the 
concepts of the functional balance and pipe-model. 
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The effect of elevated CO 2  concentration on the pipe-model hypothesis 
The pipe model assumes that there is a constant relationship between the leaf 
biomass and stem cross-sectional area because there is a functional interrelationship 
between them. A particular cross-sectional area of stem is required so that it can 
conduct enough water to the transpiring leaves. 
Many authors have reported an increase in the water use efficiency at elevated CO2 
concentrations (Eamus, 1991; Radoglou et al, 1992; Townend, 1993; Wullschleger 
et al, 1995). if the increase in water use efficiency is the result of a decrease in 
stomatal conductance then the amount of water required per unit of leaf may be 
reduced. Eamus (1991) suggests that there is a reduction in stomatal conductance at 
elevated CO2 concentrations. It is possible then that the functional relationship 
between sapwood cross-sectional area and leaf dry mass will be altered by growth at 
different CO2 concentrations. 
Ceulemans & Mousseau (1994) reviewed the literature and found that in all cases 
elevated CO 2  concentrations increased the dry mass of a unit leaf area. This has been 
attributed to an accumulation of starch in the photosynthesising leaves. Because the 
rate of transpiration is proportional to the leaf area and not directly to the dry mass of 
leaf there are likely to be further differences in the relationship between leaf dry mass 
and stem cross-sectional area between elevated and ambient CO2 concentrations. 
Structural support 
The movement of water and nutrients from the roots to the leaves are not the only 
function of the stem and branches which also have an important role in physically 
supporting the leaf biomass in the canopy. The amount of carbon required to satisfy 
this role of physical support can be calculated (Cannell & Dewar, 1994; Dewar et a!, 
1994) and acts as a constraint on the allocation to stem and branches. 
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Carbon and nitrogen as growth substrates 
Thornley (199 1) describes a mechanistic model of growth which is driven by the size 




where W is the mass of the meristem and C and N are the local concentrations of 
carbon and nitrogen respectively. Dewar (1993) added a dependence of sink strength 
on the local water potential q' 
— --. -oc C.N.f((p) (1.5) 
These relationships form the growth modules of transport-resistance models in which 
local carbon and nitrogen concentrations drive the flow of resources between sinks 
(Thornley, 1991; Dewar, 1993). Water and nitrogen are taken up by the roots and 
carried through the xylem to the leaves. This flow is driven by the transpiration rate 
of leaves and limited by a xylem resistance. The flow of carbon and nitrogen from 
the leaves through the phloem to the roots is driven by the shoot-root gradient in 
labile carbon concentration in accordance with the Munch flow hypothesis. 
The transport resistance models of growth and allocation give rise to growth patterns 
which are in agreement with predictions of the functional balance hypothesis. 
However, they are simplified models of growth and allocation. There is no effect of 




Investing in tissues and compounds with a high carbon : nitrogen ratio 
If allocation is dependent on direct source-sink interactions and sink strength is 
determined by the local concentrations of nitrogen and carbon, then the growth of 
sinks which are less prone to nutrient limitation may be favoured. The carbon to 
nitrogen ratio of stems and branches tend to be lower than those of the roots and 
leaves, and elevated CO2 concentrations or low nutrient availability may increase 
allocation to woody tissues. 
There is evidence that nutrient limitation results in an increase in the soluble 
carbohydrate concentration of leaf tissue and that if this cannot be used in growth it is 
converted into carbon rich storage compounds such as starch (Huber et al, 1984; 
Sage, 1994). 
Other influences on allocation 
Other nutrients 
McDonald, Ericsson & Ingestad (1991) concluded that limiting the supply of 
phosphorous and sulphur has similar effects on allocation as limiting the supply of 
nitrogen. However, they also reported a lack of response of allocation to the rate of 
supply of magnesium, iron and manganese. They suggest that where the nutrient 
availability limits the rate of carbon uptake, there is no shift of allocation in response 
to low rates of supply. For instance, reducing the value of amg (rate of uptake of 
magnesium; Equation (1.1)) also reduces the value of o (Equation (1.1)) and there is 
therefore no shift in allocation. 
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Pot size 
A number of authors have urged caution in the interpretation of growth exepriments 
which have been carried out in pots (Arp, 1991; McConnaughay et al, 1993). They 
suggest that growth in small pots may limit the size of the root sink and cause 
changes in allocation and photosynthesis (see Chapter 6, Experimental 
considerations). 
Respiration, fine root turnover, exudation and volatilisation 
In experiments where there was no downregulation of photosynthesis there may still 
be no effect of elevated CO 2 concentration on the plant dry mass (Norby et al, 1992). 
It has been suggested that this is because excess carbon has been allocated to growth 
of fine roots which have a high turnover rate, root exudation, volatilisation or 
increased rates of respiration (Norby, 1994; Wang, Rey, Jarvis, 1998). Increased 
allocation to fine root turnover and root exudation may increase the rate of nutrient 
uptake by encouraging mycorrhizal associations (O'Neill et a!, 1987). The effect of 
elevated CO 2  concentration on the rate of respiration remains contentious although 
there seems to be some agreement that the reduced nitrogen concentration found in 
leaves at elevated CO2 concentrations may lead to a reduction in the rate of 
respiration. A number of experiments confirm this (Bunce, 1990; El Kohen et a!, 
1991). 
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AIMS & OBJECTIVES 
The aim of this study was to increase understanding of the processes which govern 
allocation in tree seedlings and to investigate the impacts of future increases in 
atmospheric CO2 concentrations. Growing environments were manipulated to 
change the rates of uptake of three key resources - CO2, nutrients and water - to test 
the following hypotheses. 
• There are genotypic differences in growth and allocation between species and 
between clones of the same species. 
o There are differences in response to elevated CO2 concentrations and nutrient 
availability between species with a determinate growth pattern and those with an 
indeterminate growth pattern. The previous years growing conditions dictate the 
current year's growth in determinate species. 
• The allocation patterns of trees respond to changes in the uptake rate of nutrient 
and CO2 in accordance with the functional balance hypothesis. Elevated CO2 
concentrations reduce shoot allocation and increase allocation to the root while 
increases in nutrient availability increase allocation to the shoot and reduce allocation 
to the root. Water availability affects allocation in the same way as nutrient 
availability. 
• The growth of trees at elevated CO2 concentrations is different from the growth 
of trees at ambient CO2 concentrations. 
• The long term effects of elevated CO2 concentrations are different to the short 
term effects of elevated CO2 concentrations because it takes time for feedback loops 
to be initiated. 
• Downregulation of photosynthesis results in a reduced carbon uptake rate and is 
associated with smaller changes in allocation than when there is no downregulation. 
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• Increases in water use efficiency at elevated CO2 concentrations reduce allocation 
to the root and stem and increase the relative allocation to the leaves. 
• Allocation to the shoot and root depends on the local concentrations of labile 
carbon and nitrogen. 
• Allocation to tissues with a high carbon to nitrogen ratio is favoured when 
nutrients are limiting. 
OUTLINE OF THESIS 
Chapter 1 
An introduction to the concept of allocation and to the processes which control it. 
The aims and objectives of the study and outline of thesis. 
Chapter 2 
This chapter describes the experimental procedures for the three experiments. It 
includes species and site descriptions and an explanation of the CO 2 fumigation 
system used to maintain elevated CO 2 concentrations. 
Chapter 3 
The results of a one year experiment on the effect of elevated CO2 concentrations and 
nutrient availability on sycamore growth and allocation. Sycamore is a deciduous 
species with an indeterminate growth pattern. The nutrient addition rates were 
modelled in accordance with a predicted optimal growth function. Data are 
presented from two harvests during the growing season. 
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Chapter 4 
This chapter presents the results of a one year experiment on the effects of elevated 
CO2 concentrations and water availability on peach growth and allocation. Half of 
the plants were grown with soil water at field capacity while water was withheld 
from the other half during a four week drying cycle. Data are presented from 
harvests at the beginning and end of the drying cycle. 
Chapter 5 
Chapter 5 describes the results of a three year experiment on the effects of elevated 
CO2 concentration and nutrient availability on the growth and allocation of three 
Sitka spruce clones. Sitka spruce is a coniferous tree with a determinate growth 
pattern. Data are presented for harvests at the beginning and end of the first year and 
the ends of the second and third years. 
Chapter 6 
The final chapter brings together results from all three experiments and discusses the 
similarities and differences in the trees responses to elevated CO2. nutrient and water 
availabilities. Conclusions are drawn from the three experiments. 
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Chapter 2 
MATERIALS AND METHODS 
PLANT MATERIAL 
Sitka spruce 
Sitka spruce (Picea sitchensis (Bong.) Carr.) is a native of the west coast of North 
America where it was discovered by the botanist-explorer David Douglas. He 
introduced it to Britain in 1831, and it was neglected for many years as people failed 
to realise its potential as a commercial source of timber. During the first world war, 
it became an important source of timber for the newly emerging aircraft industry. 
Since then, it has been planted by the million and is now Britains most valuable 
commercial timber comprising more than 50% of forest planting (Rook, 1992). Sitka 
spruce grows particularly well on damp, even peaty soils, and it tolerates exposed 
conditions better than most other trees. This, combined with it's unusually fast 
growth rate explain its popularity as a commercial tree - much of the land acquired by 
the Forestry Commission during its existence has been in the uplands of Britain. The 
wood of Sitka spruce is used for flooring, roofing, interior construction work, the 
manufacture of plywood and chipboard and is an unsurpassed source of pulp for 
papermaking. 
Sitka spruce shows a determinate (monopodial) growth pattern. Shoot growth occurs 
as the result of the expansion of pre-formed terminal buds on the main stem and on 
branches. Buds formed during the previous autumn and which are dormant during 
the winter contain primordia of all the needles and internodes which will expand 
during the growing season. The numbers of pre-formed needle pnmordia vary 
according to the bud location on tree, tree age and provenance (Kozlowski & 
Pallardy, 1997). Differences in the number of leaf primordia produced are often 
linked to the latitude of the plant origin (Cannell et al., 1976). Sitka spruce will 
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sometimes exhibit a second late-season free-growth known as lammas growth if 
conditions are favourable. 
McWilliam (1972) described the sequence of growth of 22 year old Sitka spruce. He 
showed that there was a marked seasonal phenology, with shoot and xylem growth 
occurring together during the early spring, followed by formation of new needle 
primordia. Phloem growth took place as xylem growth ceased, and root growth 
occurred during the autumn and early winter. The length of each phase varied 
according to position on the tree. This temporal separation of the growth of different 
plant organs is in contrast to the simultaneous growth of shoot and root observed in 
determinate species such as sycamore and peach. 
Dewar, Ludlow & Dougherty (1994) have suggested that the shoot growth pattern 
may have a considerable effect on the processes of allocation. In determinate species 
growth conditions during the previous year have a major effect on shoot growth 
during the current year, and the temporal separation of plant organ growth means that 
sinks may not be in direct competition for resources. In indeterminate species such 
as sycamore and peach, growth depends on the immediate growing conditions and 
sinks may be in direct competition for assimilates. 
Sycamore 
Sycamore (Acer pseudoplatanus L.) is a native tree of central and southern Europe, 
where it grows especially well in upland areas. It was introduced to Britain in the 
late 15th century to ornament the estates of landowners. Since then it has been 
widely planted and has spread itself vigorously. No other alien tree has naturalised 
itself so widely and successfully in Britain. 
Sycamore is a deciduous species which thrives on all but the most waterlogged 
ground. It's hardiness allows it to grow well in exposed areas and on poor, thin soils. 
Sycamore is an aggressive pioneer species and its success as an introduced species is 
partly explained by its large seed production and by the efficiency of its seed 
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dispersal. The seeds germinate readily and have a very rapid growth rate. The wood 
of sycamore is used in furniture making and wood turning, and when cut into thin 
sheets makes a good veneer: Sycamore is often planted as a shelter tree. 
Sycamore exhibits an indeterminate growth pattern. In contrast to the determinate 
growth of Sitka spruce, indeterminate or 'free-growth' consists of an initial elongation 
of the previous year's pre-formed primordia in the dormant bud followed by 
elongation of a shoot by concurrent initiation and elongation of new leaf primordia 
for the duration of the growing season (Kozlowski & Pallardy, 1997). 
Peach 
The wild form of peach (Prunus persica (L.) Batsch) is presumed to have been a 
native tree of China or western central Asia. It is now an important agricultural crop 
in southern Europe where it is often grown in large plantations. 
Peach is a deciduous shrub or small tree which prefers warm, relatively dry soils in 
sunny sheltered locations. 
Peach shoots, like those of sycamore exhibits an indeterminate 'free-growth' pattern 
consisting of an initial elongation of the previous years pre-formed primordia in the 
dormant bud, followed by elongation of shoots by simultaneous initiation and 
elongation of new leaf primordia for the duration of the growing season (Kozlowski 
& Pallardy, 1997). 
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OPEN TOP CHAMBERS 
The Institute of Terrestrial Ecology 
The long term experiment on Sitka spruce was carried out in eight open top chambers 
(OTCs) and an outside plot located at the Institute of Terrestrial Ecology, Bush 
Estate, Edinburgh (550 31'N, 3 ° 12' W, elevation 185 m). The open top chambers 
consisted of a lightweight alumium frame with 3 mm horticultural glass panels. The 
chambers were octagonal in shape with a diameter of 3 m and height of 2.4 m. 
Incursions of ambient air into the chambers were reduced by a frustrum at the top of 
the chamber and a glass shelf located 0.5 m below the frustrum. Incursions of 
ambient air into the chambers were undesirable as they lowered the CO2 
concentration in chambers with CO2 concentrations which were higher than ambient 
concentrations. Air was drawn through a filter by a fan (EK3 1, radial and axial fan, 
Cold Harbour Lane, Harpenden, Herts.) and passed into the chamber through a duct 
attached to a perforated polythene sleeve (plenum) 1.5 m above the ground. There 
were two air changes per minute. The open top chambers were situated on a gradual 
slope, and because of possible differences in environmental conditions along this 
gradient four blocks were created. Each block comprised one ambient and one 
elevated CO2 chamber at the same level on the slope and allowed for comparison 
between blocks as well as between treatments. A single outside plot was located in 
one block close to the open top chambers and surrounded by a wire mesh fence to 
eliminate grazing damage by small mammals. 
The chambers were thoroughly washed and disinfected at the beginning of each 
growing season to maximise light transmission and to reduce the incidence of 
disease. 
The quality of photosynthetically active radiation reaching the plants in the chambers 
was not affected by the glass. Transmittance of solar radiation was reduced by less 
than 10 % (Lee & Barton, 1993). 
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The University of Edinburgh 
Six open top chambers and an outside plot were used in both the short term peach 
and sycamore experiments. They were located inside a glasshouse on the Kings 
Buildings campus at the University of Edinburgh, Edinburgh (55° 55' N, 3° 11' W, 
elevation 80 m). The open top chambers were constructed of corrugated polythene 
plastic attached to three lightweight aluminium hoops. They were cylindrical and 
measured 2.5 m in height and 1.25 m in diameter. The temperature of the glasshouse 
was regulated by a thermostatic control which opened roof vents if the temperature 
rose above 18 °C and the outside wind was less than 5 to 6 m s 1 . When the roof 
vents were open there was considerable movement of air within the glasshouse and a 
0.2 m frustrum at the top of the chambers reduced incursions of ambient air. 
Ambient air incursions were undesirable as they might have reduced the CO2 
concentrations in chambers with elevated CO 2 concentrations. Air was drawn from 
outside the glasshouse through a capillary mat filter by a fan (52 BTXL, Airflow 
Development Ltd, High Wycombe, UK) and passed through corrugated plastic ducts 
connected to a perforated polythene sac at ground level. The inflated polythene sac 
was situated under a wire mesh frame (0.3 m above ground level) which was used as 
a platform for the experimental trees and fumigation therefore occurred from below. 
There were 1.2 air changes per minute. Each chamber had two 0.76 x 0.47 m 
corrugated polythene plastic doors for access. 
The chambers were thoroughly cleaned and disinfected at the beginning of each 
growing season to maximise light transmission and to reduce the incidence of 
disease. 
The polythene plastic used in the construction of the open top chambers reduced the 







300 400 500 600 700 800 900 
Wavelength (nm) 
Figure 2.1. Transmittance of polythene plastic used in open top chamber construction. The 
transmittance was measured every 10 nm using a spectrophotometer (CE303 grating 
spectrophotometer, Cecil) over a range from 300 nm to 900 nm. 
SITE CONDITION MONITORING 
Institute of Terrestrial Ecology 
A ventilated, radiation shielded thermistor (RS Ltd, Loughborough) was used to 
measure air temperature within the chambers. The outside air temperature was 
measured using a platinum resistance thermometer (Delta-T devices Ltd, Burwell, 
Cambridge) mounted on the roof of a portacabin alongside the open top chambers. 
Solar radiation was measured using a solarimeter (CM3, Kipp and Zenon Ltd, Delft, 
Holland) which was also mounted on the roof of the portacabin. Dataloggers (2 lx, 
Campbell Scientific (UK) Ltd, Loughborough) were used to collect and store the 
data. 
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University of Edinburgh 
The air temperatures inside the open top chambers and in the control plot were 
measured using copper-constantan thermocouple junctions. Thermojunctions were 
placed at a height of 1.5 in in the centre of each chamber, and were shielded from 
direct solar radiation by small aluminium cones. The air temperature of the control 
plot inside the glasshouse was measured using two shielded thermojunctions. 
Thermocouple junctions were waterproofed with a thin layer of varnish and were 
calibrated at the beginning of each experiment using a variable temperature waterbath 
and a thermistor of known performance. An aluminium block shielded in a box was 
used as a remote cold junction and a thermistor (RS Ltd, Loughborough) mounted in 
the block was used to obtain reference temperatures. Photosynthetic photon flux 
density (PPFD) was measured by sensors (Macam Photometrics Ltd, Livingston, UK) 
mounted horizontally on wooden sticks at a height of 1.3 m in the centre of each 
chamber. The sensors were calibrated against a PPFD sensor of known performance 
at the start of each experiment. Data were collected and stored using dataloggers 
(1994 Peach experiment: Delta Logger, Delta-T devices Ltd, Burwell, Cambridge; 
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Figure 2.2. Growing conditions inside the chambers and in the outside plot for three days in 
the peach experiment (University of Edinburgh, day of year 146 to day of year 149, 1994). 
a) Average chamber temperature ( °C), outside plot temperature ( °C) and photosynthetic 
photon flux density (PPFD, p.mol.moF5. b) Average temperature inside chambers - 
temperature in outside plot ( °C), c) The relation between photon flux density and the 
temperature difference between chambers and the outside plot. 
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Figure 2.3. Growing conditions inside the chambers and in the outside plot for three days in 
the sycamore experiment (University of Edinburgh, day of year 146 to day of year 149, 
1995). a) Average chamber temperature ( °C), outside plot temperature ( °C) and 
photosynthetic photon flux density (PPFD, i.mol.moF'). b) Average temperature inside 
chambers - temperature in outside plot ( °C), c) The relation between photon flux density 






CO2 MONITORING AND FUMIGATION 
The CO2  monitoring and fumigation systems in each of the experiments were based 
on a design by Barton, Lee and Jarvis (1993). A diaphragm pump (Charles Austin 
Ltd, Weybridge, Surrey) drew air from each of the chambers through 4 mm nylon 
sample lines to two-way solenoid valves. A 286 personal computer with an interface 
card sequentially selected the two-way solenoid valves to pass air from the sample 
lines to an IRGA (ITE: ADC Mark 2, Analytical Development Co. Ltd, Hoddeston, 
Herts; University of Edinburgh: WMA 1, PP Systems Ltd, Hitchin, Herts). Inactive 
solenoid valves passed sample air to exhaust. Sample air was flushed through the 
IRGA for the first 30 seconds (1TE: 60 seconds) to allow the IRGA to stabilise. 
During the second 30 seconds (JTE: 60 seconds) readings were made every second 
(ITE: every 15 seconds) and an average was stored by the personal computer. A 
feedback system enabled the computer to compensate for CO 2 concentrations which 
were higher or lower than the target concentrations. At The ITE site CO 2 was 
supplied from a 16 tonne bulk liquid tank via a vaporiser (Distillers M.G., UK) and at 
The University of Edinburgh site CO 2 was supplied from two sets of four liquid CO 2 
gas bottles (Distillers MG., UK) mounted on a manifold with an automatic change-
over valve. The injections of CO 2  to each of the chambers with elevated target CO 2 
concentrations were controlled by mass flow controllers (1TE: Tylan FC280, 
Torrance CA, USA; University of Edinburgh: Tylan FC260, Torrance CA, USA) 
whose flow rates were determined by a voltage calculated by the personal computer. 
The CO2  was passed down 4 mm nylon tubes and injected into the air inlet ducts 
downstream of the fans. Chambers with increased levels of CO 2 had target 
concentrations of ambient air plus 350 I.Lmol mo1 1 . Ambient CO2 concentrations vary 
diurnally, so that adding a fixed amount of CO 2 allowed the CO2 concentrations of 
the elevated CO 2 chambers to vary similarly. The CO 2 concentrations inside the 
open top chambers varied around the target concentration ± 80 tmol.moF'. 
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INGESTAD NUTRITION 
Ingestad & Agren (1992) discuss the inadequacy of traditional approaches to nutrient 
experiments. They argued that whereas equipment and techniques were available to 
control factors such as temperature and light intensity, mineral nutrition had only 
been 'vaguely defined and quantified in experimental work'. Classically, 
experimental manipulation of the nutrients available to a plant was based on varying 
the nutrient concentrations added to different treatments. However, the 
concentrations which are necessary for adequate uptake and growth are extremely 
low (< 1 tM; Ingestad, 1982; Petterson, 1986; Ingestad & Agren, 1988; Ingestad & 
Agren, 1992). The important process is the movement of nutrients from the growth 
medium to the root surface and the rate at which this can be maintained for uptake by 
the plant. Ingestad & Agren (1992) define the flux from the medium to the root in 
terms of the relative addition rate RA (addition rate divided by the amount of nutrient 
in the plant) which controls the relative uptake rate R (the uptake rate divided by the 
amount of nutrient in the plant). They demonstrate that over a range of conditions, a 
controlled RU results in stable relative growth rates and stable nutrient concentrations 
in the plant - a phenomona which they call 'steady state nutrition'. When a small 
plant has unlimited access to nutrients, it will take them up exponentially at a rate 
determined by the maximum exponential growth rate for that genotype and growth 
environment (McDonald, Ericsson & Ingestad, 1991). A constant maximum relative 
growth rate is maintained, associated with a constant maximum relative rate of 
increase in nutrient uptake. At steady state nutrition the exponent of nutrient uptake 
is equal to the exponent of relative growth rate so the nutrient concentration in the 
plant stays constant over time. 
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Theory of Ingestad nutrition 





Where W is the plant mass and n is the amount of nutrient in the plant. It follows 
(using the quotient rule) that: 





1 dW 1 dn 
The left hand side of (1.3) is the relative growth rate (RG) and the right side is the 
relative uptake rate (Ru) of any nutrient. Hence: 
RA=RU=RG 	 (1.4) 
The nutrient relative uptake rate is equal to the relative addition rate which is in turn 
equal to the relative growth rate. To maintain a constant internal nutrient 
concentration during the exponential growth phase when the relative growth rate is 
constant the nutrient supply must also increase at the same exponential rate. 
Experimental application of the flux model 
To satisfy the model of nutrient flux it is necessary to provide all nutrients at the 
same appropriate relative addition rate. This is achieved by knowing the relative 
concentrations of the nutrients in the plant tissue at the beginning of the experiment 
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and by designing a solution which contains nutrients in the appropriate proportions 
using nitrogen concentation as the basis (N = 100). The internal nutrient proportions 
required for maximum growth have been determined for many species and the 
differences between them are small (Ingestad, 1987). The pH of the solution added 
to plants can be controlled by varying the ratio of NH4 to NO3 ions. Table 2.1 shows 
a recipe for a concentrated nutrient stock solution designed for use with birch (after 
Ingestad & Lund, 1986). 
A number of experiments have shown close agreement between the model and 
measured growth response. It is possible to define the point of optimum nutrition 
where the uptake rate is equal to or more than the rate of growth. In these conditions 
the plant has free access to mineral nutrients - as long as the external concentration 
does not become toxic (Figure 2.4, R0 ). In any situation where the relative uptake 
rate is less than the optimum, there is a nutrient limitation (Figure 2.4, Ru < R 0 ). 
• 	R op 
0 
CII 
Relative uptake rate (%.day 1 ) 
Figure 2.4. Schematic diagram showing the relationship between the relative uptake rate 
and the relative growth rate during steady state nutrition. R.p, defines the point of optimum 
nutrition. Where the relative uptake rate is less than there is a nutrient limitation and 





(g mot') N 
Macronutrients 
(g) 
P 	K 	S Ca 	Mg 
Micronutrients 
(g) 
Fe 	Mn 	B 	Zn 	Cu 	Na 	Mo 
Atomic mass (g) 14.01 30.97 39.1 32.06 40.08 	24.31 55.85 	54.94 10.81 65.37 	63.55 	22.99 	95.94 
Solution 1 
K2SO4 48.97 174.3 21.97 	9.007 
K2HPO4 33.62 174.2 5.978 	15.09 
KH 2PO4 30.89 136.1 7.03 8.875 
KNO 3 49.24 101.1 6.822 19.04 
NH4NO3 221.6 80.05 77.55 
Solution 2 
Ca(NO3) 2 41.339 236.2 4.903 7.015 
Mg(NO 3)2 89.769 256.41 9.808 8.509 
Fe(NO3) 3 5.0504 404 0.525 0.698 
Mn(NO 3)2 1.8271 251 0.204 0.4 
H3B0 3 1.144 61.83 0.2 
Zn(NO 3)2 0.2733 297.47 0.026 0.06 
CuC12 0.0805 170.48 0.03 
Na2MoO4 0.0176 241.95 0.003 	0.007 
Total (g dm 3) 	 99.84 	13.01 	64.98 	9.007 	7.015 	8.509 	0.698 	0.4 	0.2 	0.06 	0.03 	0.003 	0.007 
Total (mol dm 3) 7.128 0.42 1.662 0.281 0.175 0.35 0.013 0.007 0.019 9 x 10 5 x 10 1 x 10 7 x 10 
Ingestad & Lund (1986) (mol dm 3) 	7.14 	0.42 	1.66 	0.28 	0.17 	0.35 	0.013 	0.007 	0.019 9 x 10 4 5 x 10 	1 x 10 	7 x 10 
p.p.m. (by mass) 	 99838 13008 64984 9007 7015 8509 698.1 399.9 200 	60.05 	30 3.35 6.989 
Proportion 100 	13.03 	65.09 	9.022 	7.026 	8.523 	0.699 	0.401 	0.2 0.06 0.03 	0.003 	0.007 
Table 2.1. Masses of elements in nutrient stock solution (g.dni 3). The amounts of each constituent compound required (based on the hydrated molecular mass shown 
in column 3) are shown on the left hand side, and their contribution to the individual mass of each element is shown in the center of the table. The total concentrations 
and relative amounts of each nutrient are shown in the bottom section of the table. Concentration figures from Ingestad & Lund (1986) are shown for comparison. The 
stock solution is made up in two separate containers to avoid precipitation. Compounds above the solid line are added to one solution and compounds below to a 
second. The solutions are diluted before mixing and application to the soil. 
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A wide range of values for relative growth rate are reported in the literature. 
Pettersson & McDonald (1992) 22-24 %.day' (Sitka spruce), Pettersson, McDonald 
& Stadenberg (1993) 6.6-24.6 %.day 1  (birch), Ingestad & Kahr (1985) 2-7.4 %.day' 
(lodgepole pine, Scots pine & Norway spruce). 
However, all of these values are presented for experiments on small trees and 
seedlings which are growing for short periods of time at exponential growth rates and 
sometimes in controlled environments where other factors are not limiting. Such 
conditions are neither always attainable nor even desirable in experiments in which 
nutrients are not the only factor under consideration. In CO 2 experiments which are 
carried out in open top chambers, tree growth is limited by seasonal variations in 
PPFD and temperature, and plants very rarely attain a constant relative growth rate 
over a prolonged period of time. Table 2.2 and Figure 2.5 show results for final mass 
of trees which have grown for one hundred days at a number of different relative 
growth rates and assuming several different starting mass. 
Table 2.2. Relative growth rates (RGR) for a number of different scenarios. The table 
shows how small differences in the relative growth rate, and initial mass can lead to very 
large changes in the final mass. For each section the relative growth rate (g.g5, the period 
of growth and the initial dry mass are shown. The final dry mass is calculated from the 
other variables. 
RGR (g g' day') 0.02 0.03 0.06 0.07 0.15 0.25 
No of days 100 100 100 100 100 100 
Initial mass (g) 1 1 1 1 1 1 
Final mass (g) 7.103 18.66 320.1 810.9 1 x 106 4 x 10 
RGR (g g 1 day') 0.02 0.03 0.06 0.07 0.15 0.25 
No of days 100 100 100 100 100 100 
Initial mass (g) 3.394 3.394 3.394 3.394 3.394 3.394 
Final mass (g) 24.11 63.33 1086 2752 3x106 lx 10 10 
RGR (g g' day) 0.06 0.06 0.06 0.06 0.06 0.06 
No of days 100 100 100 100 100 100 
Initial mass (g) 1 2 3 4 5 6 
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Figure 2.5. Schematic diagram showing the effect of four different relative growth rates and 
two initial masses on change in mass over 100 days. The inset shows a close up of the 
initial changes in mass. Because relative growth rate defines an exponential function, there 
is a rapid divergence between trees with different starting masses or different relative 
growth rates. 
A number of observations can be made from this table. Firstly, because relative 
growth rate is an exponential function, small changes in the relative growth rate lead 
to very large changes in the final mass. Similarly, small changes in the initial dry 
mass have a relatively large effect on the final mass. It is therefore important to 
predict as accurately as possible what the maximum relative growth rate will be - 
particularly if one or more treatment is to be a sub-optimal nutrient addition. Sub-
optimal nutrient additions will have relative growth rates which do not differ by large 
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values from the optimum numerically, or the plants will have very small final mass. 
In addition, with plants which have a significant mass at the beginning of the 
growing season and which are growing for reasonably long periods of time, it is clear 
that exponential growth rates of 15-25 %.day' are not possible. For example a tree 
growing at a relative growth rate of 25 %.day for one hundred days with a starting 
mass of 3.39 grams would grow to a size of 10 tonnes. The difference between the 
theory and practice is that in practice trees do not grow at constant relative growth 
rates throughout a one hundred day experiment. Some parts of a plant - such as the 
trunk - which may account for a significant portion of the initial mass do not grow 
exponentially, and other parts of the plant may grow at different times during the 
growing season (See Figures 2.6 to 2.8). 
Figure 2.6 (Centritto, unpublished) shows the dry mass and relative growth rate of 
cherry seedlings over the first growing season. These plants were grown in open top 
chambers in a glass house at the University of Edinburgh. (The same chambers were 
used for both the peach and sycamore experiments presented in this thesis). The 
relative growth rate increases initially to 7 %.day', but drops rapidly during the 
second half of the growth period to less than 1 %.day 1 . This, despite the cherry 
seedlings being provided with nutrients in free access conditions, and being in their 
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Figure 2.6. Growth of cherry seedlings at optimal nutrition during the first year (Centritto, 
1998). a) Total dry mass over one growing season, b) total dry mass plotted on a 
logarithmic axis and c) the relative growth rate over the growing season. The graphs show 
that trees do not maintain a constant relative growth rate over a whole growing season. 
35 
Figure 2.7 shows data after Mackie-Dawson, Pratt & Millard (1994) who 
experimented on two-year-old sycamore trees. The graph of dry mass over the 
growing season shows that the mass only increased over the entire growing season by 
a factor of about two. The graph of relative growth rate calculated from the raw data 
shows a rapid decline from almost 2 %.day between April and May, to less than 0 
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Figure 2.7. Growth data for two-year-old sycamore trees after Mackie-Dawson, Pratt & 
Millard (1994). a) Total dry mass during the growing season and b) the relative growth rate 
during the growing season. The graphs of dry mass over the season show that mass does not 
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Figure 2.8. Output of growth models parameterised for sycamore over one growing season 
(Habib, Millard & Proe, 1993). a) Root growth, b) trunk growth, c) stem growth and d) leaf 
growth. The outputs show how growth of different tree components occured at different 
times during the growing season. 
Habib, Millard & Proe (1993) fitted models to sycamore growth data obtained during 
two growing seasons. Figure 2.8 shows the growth of each tissue type - root, trunk, 
stem and leaves - over the growing season. The graphs show that there is a temporal 
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separation in the growth of each plant compartment. The leaves are the first to grow, 
and they reach a plateaux fairly rapidly, they are followed by the stem and trunk 
growth, and finally quite late in the growing season and over a much longer period of 
time, the roots. The additive effect of these growth curves is shown in Figure 2.9a. 
The relative growth rate of these plants (Figure 2.9b) rises sharply to a peak of about 
5 %.day', but then declines over the rest of the growing season, reaching an 
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Figure 2.9. The total dry mass of the growth model parameterised for sycamore over one 
growing season (Habib, Millard & Proe, 1993). a) Total dry mass calculated by adding 
together the curves shown in Figure 2.8. c) The relative growth rate over one year, 
calculated from the total dry mass shown in figure 2.9a. 
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Some caution is needed in the application of Ingestad nutrition techniques to 
experiments with plants which are not grown from seed and which are not grown in 
controlled environment chambers. It is important to establish a realistic growth 
function for trees, so that an optimum addition regime can be calculated over the 
entire growing season. Otherwise there will be a danger of poisoning trees with toxic 
nutrient concentrations in the growth medium, or of under-supplying nutrients during 
the periods of maximum growth. 
From a methodological point of view, it is crucial to consider how much of the 
nutrient applied to the growth medium is available to the plant roots. In a circulating 
system of aerated nutrient solution, all of the nutrient added to the solution will come 
into contact with the roots, but if a solution is applied to plants grown in soil in a pot, 
then a substantial proportion of the nutrient in solution may never reach the 
rhizosphere. It may therefore be necessary to account for this by adding extra 
nutrient to the growing plants - although how much extra will depend largely on the 
growth medium. 
The theory of Ingestad nutrition assumes a population of seedlings which are 
identical. As discussed earlier, small variations in the initial mass of plants will lead 
to very large differences in the final mass of plants. Plants which are larger than 
average may have constrained growth if they are subject to a uniform application of a 
nutrient solution. Similarly, plants which are smaller than average may not be 
nutrient limited to the same extent as the average plant in a sub-optimal nutrient 
application. It is therefore sensible to try to reduce the variability of the starting mass 
of plants. 
Nutrient Stock Solution 
A stock solution was made for use in all three experiments presented in this thesis. 
The recipe is after Ingestad & Lund (1986) (Table 2.1). The stock was made up in 
two solutions each stored in separate containers to avoid precipitation before use. 
Calcium nitrate and magnesium nitrate were part of the 'micronutrient' solution. The 
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solutions were prepared each in a 1 dm 3  volumetric flask. Compounds were added to 
distilled water one at a time and stirred continuously to dissolve them fully. Once 
each of the constituents had been added, the flasks were topped up to 1 dm 3 with 
distilled water. Before adding nutrient to the experimental plants, the stock solution 
was diluted in a 6 dm  bucket. The required volume of macronutrient was added, 
followed by a large quantity of water. Adding the micronutrient once the 




In the spring of 1993, 350 rooted cuttings of three Sitka spruce clones (Clones A,B & 
C; See Table 2.3) were purchased from the Forestry Commission (NRS, Edinburgh). 
Each seedling was rooted in peat in a 3 dm 3  biodegradable peat pot. The seedlings 
were placed in eight open top chambers and an outside plot at the Institute of 
Terrestrial Ecology. Four of the chambers had ambient CO 2 concentrations of 350 
pmol moi 1 and four had elevated CO 2  concentrations of ambient plus 350 j.tmol mol -
l . Each chamber was allocated nine seedlings from each of the three clones. 36 
plants from each of the three clones were placed in the outside plot. Seedling 
positions within the chambers and outside plot were randomised. An automatic 
irrigation system was installed, with a drip head in each pot, so that watering could 
be undertaken on a daily basis. Outside plot plants were watered once a day using a 
sprinkler. During the first year of growth all of the Sitka spruce trees were subjected 
to the same nutrient application. Each pot received 200 cm 3 nutrient solution weekly 
(1000 fold dilution of Ingestad & Lund, 1986; Table 2.1). Leader extension was 
measured once a week during the growing season. 
In May 1994 the plants remaining were repotted in 5 dm3  pots with a nutrient poor 
soil (4 parts loam: 1 part peat: 1 part sand) and two nutrient regimes were imposed. 
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Table 3. Descriptions of the three clones (A, B & C) used in the Sitka spruce experiment at The Institute of Terrestrial Ecology. 
Clone Code Notes 
Sitka spruce 	Cone crop year in which 	(see notes) 	Clone No - ie derived 
	
seed was harvested from single seedlings 
A 	SS 	 68 	(7111)2 	C31 	 Direct import from Queen Charlotte Islands, 
Skidegate area. 
Wind pollinated seed collection from selected 
tree no 1377, a P22 individual from Laggan 
B 	SS 	 76 	(1377 OP) 	Cl 	 forest (NN 293964). Possible origin - grafts 
in clonal archive. 
Wind pollinated seed collection from selected 
tree no 339, a P32 individual from Eilenreach 
C 	SS 	 77 	(339 OP) 	C17 	 forest (NG 789124). Possible origin - grafts 
in clonal archive. 
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Low nutrient plants received 200 cm  nutrient solution (1000 fold dilution of 
Ingestad & Lund, 1986; Table 2.1) and high nutrient plants received 500 cm  
nutrient solution (1000 fold dilution Ingestad & Lund, 1986; Table 2.1) per week. 
There were three or four seedlings at each nutrient level per clone in every chamber 
and twelve plants per nutrient level per clone in the outside plot. Nutrients were 
applied during the growing season once a week in dilute solution to avoid root-burn. 
An automatic irrigation system with a drip head in each pot was installed to allow 
daily watering of the trees. Plants in the outside plot were watered using a sprinkler. 
During the final year of the experiment (1995) the number of clones was reduced to 
two (Clones B & Q. The trees were repotted in 12 dm  pots using the same nutrient 
poor soil as above (4 parts loam: 1 part peat: 1 part sand). The number of Sitka in 
each chamber was reduced to one per clone for both high and low nutrient 
treatments, and the number of experimental trees in the outside plot was reduced to 
four per clone for each nutrient treatment. 
Nutrient was applied in solution once a week. High nutrient trees received 1 dm  of 
nutrient solution (1000 fold dilution of Ingestad & Lund, 1986; Table 2.1) and low 
nutrient trees received 400 cm  of nutrient solution (1000 fold dilution of Ingestad & 
Lund, 1986; Table 2.1) each week. The trees in chambers were irrigated using the 
same automatic watering system as in previous years, and those in the outside plot 
were watered daily with a sprinkler. 
Gas exchange 
At the beginning of July 1994 one branch on each of five trees per treatment was 
prepared for gas exchange measurements. Branches from the uppermost whorl of the 
main stem were selected. Two rings of needles were removed from the branch to 
allow a conifer chamber to be positioned over fully expanded current year needles. 
The prepared branches were left undisturbed for several weeks before collecting data 
to reduce the effects of reparatory respiration on the measured rates of gas exchange. 
In August photosynthesis was measured on 26 plants (5 plants per treatment from the 
chambers and 3 plants per treatment from the outside plot) at CO2 concentrations of 
350 jimol mol 1 and at 700 j.imol mol' using a portable gas analyser (LCA3, ADC, 
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Hoddeston, Herts.) and light source. At the beginning of September four A/C 1 curves 
were measured per treatment. The needles on the measured portions of branch were 
collected to establish a leaf area for calculations of assimilation rate. 
Harvests 
An initial harvest was undertaken (6/5/93) to establish a baseline for growth 
measurements. In October 1993 eight plants per treatment and of each clone were 
harvested. Two plants of each clone were selected at random from every chamber 
and eight trees per clone from the outside plot. 
In September 1994 eight trees per treatment were harvested. Two trees were selected 
from each chamber per nutrient treatment and eight trees were selected from the 
outside plot per nutrient treatment. Each selection of eight trees included two or 
three seedlings from each clone. 
In March 1995 four trees per treatment and for each of the clones B and C were 
harvested. One tree was selected per clone from each chamber per nutrient treatment, 
and four trees per clone for each nutrient treatment from the outside plot. 




Peach seeds were germinated in Spring 1993 and grown in ambient (350 j.tmol mol - 
l) or elevated (700 p.mol moF') CO2 concentrations in two growth tunnels at The 
Institute of Terrestrial Ecology for one year. During the 1994 growing season, the 
seedlings were grown in six open top chambers (three chambers with ambient CO2 
concentrations of 350 p.mol moV', and three chambers with elevated CO2 
concentrations of ambient plus 350 p.mol moV 1 ) and an outside control plot located 
inside a glasshouse at the University of Edinburgh. 
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The seedlings were transplanted prior to bud burst into 10 dm 3 pots using a soil mix 
of 2 parts peat: 2 parts sand: 1.5 parts loam: 1 part grit and 5.5 g dm-3 lime. Between 
8 and 11 seedlings were placed in each chamber. This experiment focused on the 
interactive effects of CO2 and drought, and the aim was to provide nutrients to the 
trees at supra-optimal levels, so that they were unlimiting. The soil mix contained 6g 
dm-3 Enmag nutrient balanced slow release fertiliser, and 500 cm  nutrient solution 
(1000 fold dilution of Ingestad & Lund, 1986; Table 2.1) was applied weekly to each 
pot. The plants were kept at field capacity for ten weeks until exponential growth 
had begun. In April 1994 13 plants were moved to the outside plot, and the number 
of trees was reduced to between four and five per chamber. A baseline harvest was 
done on the 26/05/94. Water was then withheld from half of the plants from each 
treatment for a four week drying cycle (low water availability) while the remaining 
plants were maintained at field capacity (high water availability). The sandy soil and 
the large plant to soil ratio allowed simulation of a sudden and severe water stress 
typical of Mediterranean growth conditions. Leader extension was measured once a 
week during the growing season. 
Harvests 
On 26th May three plants per CO2 treatment and three plants from the outside plot 
were harvested as a baseline for growth measurements. 
At the conclusion of the experiment a final harvest of the remaining 5 trees per 
treatment was undertaken to give the total dry mass and biomass allocation. 
Gas exchange 
On 26/05/94, gas exchange measurements were made at 07:30, 12:30, 15:00 and 
18:15 on one fully expanded leaf per leader of each of 3 trees per treatment at the 
concentrations at which the plants were grown using a portable gas analyser (LCA3, 
ADC, Hoddeston, Herts.). During the 12:30 set of measurements, data was also 
collected for trees grown in ambient CO2 concentrations measured at 700 tmol moi' 
and trees grown in elevated CO2 concentrations measured at 350 jimol A 
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mercury bulb suspended above the plant was used as a fixed light source, and two 
fans were positioned to cool the leaf cuvette during measurements. 
Gas exchange measurements were also made (LCA3, ADC, Hoddeston, Herts.) on 
one fully expanded leaf on the leader of each of 3 trees per treatment on 03/06/94 and 




In May 1995 210 one year old peat-rooted sycamore in root trainers were purchased 
from Alba Trees (Gladsmuir, East Lothian) and placed in six open top chambers and 
an outside plot in a glasshouse at The University of Edinburgh. To reduce the initial 
variability in dry mass the trees were selected to have an height of 30 cm +/- 5 cm. 
An initial harvest of ten trees was undertaken as a baseline measure of dry mass and 
the remaining trees were repotted in 4 dm  pots containing washed silica sand. The 
peat plug was gently shaken off the root boll to minimise the quantities of nutrient 
present in the pot. The seedlings were split between six open top chambers (three 
with ambient CO2 concentrations of 350 pmol moi', and three with elevated CO2 
concentrations of ambient plus 350 j.tmol moi') and an outside plot. Two nutrient 
regimes were applied based on a predicted growth rate for the plants. There were 11 
seedlings per nutrient treatment in each chamber, and 33 plants per nutrient treatment 
in the outside plot. 
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The expected growth rate of sycamore trees in the ambient CO 2 treatment was 
predicted using Habib, Millard & Proe's (1993) models (figures 2.8 - 2.10) which 
had been fitted to sycamore growth at two levels of nutrition. The increases in dry 
mass were modelled using a generalistic logistic function fitted to dry mass values 
from destructive harvests: 
y = M + K I [1 + Cexp(—At)}" 
	
(1.5) 
where t is the time and K, C, A and P are parameters which were fitted to the data. 
Growth parameters from the second year of the experiment were used and are shown 
in table 2.4: 
Table 2.4. Growth parameters for prediction of dry matter changes to root, trunk, stem & 
leaf tissues. The parameters K, C, A and P were fitted to a generalistic logistic function 
using dry mass data from destructive harvests on sycamore (Habib, Millard & Proe, 1993). 
The parameter M is equal to the initial dry mass of the trees. 
Root DM Trunk DM Stem DM Leaf DM 
M 0.8857 2.2311 0.2771 0 
K 56.9 23.9 5.8 17.8 
C 0.1 0.1 0.1 0.3 
A 0.01 0.03 0.03 0.05 
P 222 414 479 530 
The parameter M is the initial mass of the compartments for each plant part and was 
determined by an initial harvest of ten sycamore seedlings. Figure 2.5 shows the 
predicted growth function for the sycamore plants over the growing season. An 
optimal nitrogen content of 3 % dry mass was used to calculate the increase in plant 
nitrogen over the growing season and therefore the necessary nutrient addition rate. 
There were two nutrient treatments, optimal nutrition in which twice the predicted 
optimal addition rate was added to each plant, and sub-optimal nutrition in which one 
quarter of the predicted optimal addition rate was added to each plant over the 
growing season. Doubling the nutrient in the optimal addition treatment allowed for 
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some nutrient not coming into contact with plant roots (despite the sand growth 
medium) and the possibility that the predicted optimal growth rate was too low. 
Plants were watered to field capacity every two or three days, and the appropriate 
nutrient was added to the watering solution to cover the period up to the next 
watering. The nutrient stock solution contained elements in the proportions shown in 
Table 2.1 (Ingestad & Lund, 1986). Care was taken to avoid solution leaking out of 
the bottom of the pots which would have led to a loss of nutrient added to the system. 
Proe & Millard (1994) used a similar although much simpler approach based on their 
results. They calculated two relative addition rates (0.0115 day- I  and 0.0035 day') 
for Sitka spruce and applied these exponentially across the growth period. It would 
appear that the use of these rates would have limited growth, especially during the 
early parts of the growing season when relative growth rates can be much higher. 
Gas exchange 
Between the 24/7/95 and 29/7195, A/C 1 curves were measured on one fully expanded 
leaf on the leaders of each of five plants per treatment using a portable gas analyser 
(LCA3, ADC, Hoddesdon, Herts.) with an attached light source. 
Harvests 
Eight trees per treatment were harvested on 1/8/95 and ten trees per treatment were 
harvested on 2/10/95 to give the total thy mass and the biomass allocation. Leader 
extension was measured throughout the growing season. 
PESTS AND DISEASES 
Pest infestation and disease infection may cause a a shift in a plants resource 
allocation from normal growth, storage and respiration to formation of secondary 
defence compounds, formation of physical barriers, increases in respiration and 
regrowth of damaged tissue to combat and resist the pathogen (McLaughlin & 
Shriner, 1980). The occurance of pests and diseases on experimental material may 
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act as a confounding variable and in all three of the experiments in this thesis the 
strategy was to keep plants disease and pest free as far as possible. A range of 
chemical pesticides which would not directly affect growth or plant physiology were 
employed to this end and were applied at the first signs of infestation. Aphids were 
controlled using Bifenthrin and Pyrethrum based insecticides (Polysect, Derris, 
Tumblebug, Rapid), Woolly Aphids using Malathion, & Savona, Spruce red spider 
mite using Torque. Below ground, Vine weevils were controlled using Nemesis a 
nematode worm (Heterrorhabditis megidis) biological control which predates the 
larval stages of the weevil. 
HARVEST PROCEDURE 
All plants were harvested in a laboratory at The Institute of Ecology and Resource 
Management at The University of Edinburgh. The harvests were performed as 
rapidly as possible to minimise changes in the biochemical constituents of the plant 
material. Prior to harvest samples were taken from each tree's current year leaf or 
needle growth for carbohydrate and starch analysis, weighed on a balance (Mettler 
PT360 Deltarange), and placed in a freezer at -20 °C. Tree heights were measured 
and recorded. The leaves of sycamore and peach trees were removed and counted 
prior to being passed through a leaf area meter (LI 3100, Li-Cor Inc., Lincoln, NE) to 
measure total leaf area, and were then weighed and placed in labelled paper bags for 
drying. The leaf area meter was callibrated using discs of known area. For Sitka 
spruce, a subsample of needles was taken to fill a 2 cm  plastic vial for measurements 
of physical dimensions to allow an estimate of total leaf area. Sitka spruce trees were 
then split into age-class categories, counting the leader for each year of growth and 
the branches for each year of growth as separate categories. The numbers of 
branches for each years growth were counted and recorded as were the leader 
extensions. The fresh mass of each category was noted, and the material (wood and 
needles) placed into labelled paper bags. 
Sycamore and peach trees were also cut into their respective woody parts, separated 
on the basis of age-class. The number of branches in each age-class were counted 
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and the fresh mass of each category were recorded. The harvested material was 
placed into labelled paper bags. 
For each tree harvested, the basal diameter was measured at ground level in two 
positions (at 90°) using callipers. The bark was carefully peeled back to reveal the 
wood, and the collar diameter was also measured at ground level in two positions (at 
90°). 
The pots were then emptied and the root ball gently shaken to free the soil. Roots 
were washed under running water, and the remaining soil was sieved in sieves 
(Endecotts Ltd) with a range of pore sizes (0.5 - 2 mm) to maximise the recovery of 
fine root. In the later harvests, fine root (< 2mm) was separated from coarse root. 
The fresh mass was weighed and a sample of fine root was placed in a freezer at -20 
°C for latter carbohydrate and starch analysis. The remaining root was placed in a 
labelled paper bag. 
The samples were dried at 80 °C in an oven (Apex B70E, London) for 4-5 days until 
they had reached a constant mass. Samples stored in the freezer for carbohydrate and 
starch analysis were dried in an Edwards freeze drier at -80 °C for 2-3 weeks until 
they had reached a constant mass. All dried samples were weighed to ascertain dry 
mass. The dried needles of Sitka spruce branches and leaders were removed and 
weighed separately from the wood. Dried samples were stored in airtight bags with 
dessiccant to avoid deterioration. 
Oven dried current year leaf and needle samples and fine root were ground for 
nutrient analysis using a centrifugal grinder (Retsch centrifugal grinder, Glen 
Creston, Stanmore, UK) with a mesh size of (0.5 mm). Leaf, needle and fine root 
samples dried in the freeze drier were ground for carbohydrate and starch analysis. 
Ground samples were stored in 5 cm  plastic vials in sealed plastic bags with 
dessiccant to avoid rehydration. 
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BIOCHEMICAL ANALYSIS 
Biochemical Nutrient analysis 
Oven dried and ground samples of leaf, needle, root and stem were analysed for 
nutrient content (nitrogen, phosphorus, potassium, calcium and magnesium) using 
methods adapted from Allen (1974). Analytical grade chemicals were used 
throughout. Approximately 0.1 g (0.095 g < > 0.105 g) of material were weighed 
accurately into 'Pyrex' test tubes and the mass recorded to four decimal places. 
Samples were analysed in duplicate to allow for heterogeneity. 2 cm  of concentrated 
1-12SO4 (18 mol.m 3) were added, shaking well to avoid clumping of material, 
followed by two portions of 100 volume 11202 (-30% 11202) shaking the test tube to 
control the vigorous reaction. Test tubes were then placed in a dri-block heater at 
340 °C for six hours until a colourless solution remained. The solutions were 
allowed to cool and distilled water was carefully added to the tubes and transferred to 
50 cm  volumetric flasks with washings. 0.25 cm  of 10% lanthanum solution was 
added to each flask before topping up to volume. For each batch of digests (up to 40 
samples in duplicate) two blanks and two samples of known composition were 
digested using the method outlined above. Standards of known concentration were 
prepared so that the values of the samples lay within the concentrations of the 
standard solutions but not at their extremes. 
The concentrations of nitrogen and phosphorous were determined using a flow 
solution analyser (Flow Solution 3000 Analyzer, Perstorp Analytical, Wilsonville, 
Oregon). Ammonia nitrogen was ascertained by flow injection analysis and gas 
diffusion (Tecator application note ASN 50-03/84). The sample was injected into a 
carrier stream and in the presence of sodium hydroxide ammonium ions were 
converted to ammonia gas which diffused across a PTFE membrane into an indicator 
stream. The colour change of the acid/base indicator was measured at 590 nm. Total 
phosphorous was determined by flow injection analysis (Tecator application note 
ASN 60-04/83). The sample was injected into a carrier stream where it was merged 
with a second carrier to avoid matrix effects. The stream was mixed with an acidic 
ammonium molybdate solution to form a heteropoly acid which is reduced to 
molybdenum blue by adding acidic stannous chloride in a second stream. The colour 
of the molybdenum blue is measured at 690 nm and peak height evaluation applied. 
The ratios of potassium, calcium and magnesium were found using atomic absorption 
spectrophotometry (919 atomic absorption spectrophotometer, Unicam, Cambridge). 
The gas type was an air/acetylene mix and the lanthanum solution added during the 
digest acted as a releasing agent for calcium determination. The solution 
concentrations were converted to concentration on a dry mass basis (mg g 1 ). 
Soluble carbohydrate extraction and analysis 
Freeze dried and ground samples of leaf, needle and root were analysed for soluble 
carbohydrate content using high pressure liquid chromatography (HPLC). 
Approximately 50 mg of material were weighed accurately into plastic test tubes. 10 
cm  of double distilled water were added to the tubes and each was thoroughly 
shaken to avoid clumping of the sample. The tubes were gently agitated over a water 
bath at 37 °C for 30 minutes and then placed in a centrifuge (T52, Clandon) at 4500 
rpm for 15 minutes. The supernatants were filtered using Whatman 47 mm cellulose 
nitrate membrane filters with a pore size of 0.2 pm in a Nalgene 250 cm  filter unit. 
1 cm  of the resulting solution was pipetted to 9 cm  of distilled water to achieve the 
final dilution for analysis. Extracted samples were stored at -20 °C before analysis. 
The extracted solutions were analysed for soluble carbohydrate using HPLC. 
Samples were placed in a Dionex autosampler in small plastic vials and interspersed 
with standards and double distilled blanks. The eluents were de-gased double 
distilled water and de-gased 200 mmol.m 3 NaOH solution. Samples were injected 
from the autosampler to the online HPLC unit (DX500, Dionex) and pumped through 
a guard column (Carbopac PAl, Dionex) followed by a chromatography column 
(Carbopac PAl, Dionex). The chromatogram was read by the ED40 detector using 
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integrated amperometry. The system was controlled by Peaknet software running on 
an interfaced computer, and output from the detector was displayed and stored for 
analysis. The standard solutions were composed of inositol (5 ppm), sorbitol (5 
ppm), fucose (5 ppm), rhamnose (5 ppm), arabinose (5 ppm), galactose (15 ppm), 
glucose (10 ppm), xylose (10 ppm), fructose (20 ppm) and sucrose (20 ppm). 
Samples were compared with standard chromatagrams for identification of peaks. 
Integrated amperometry uses a repeating waveform of current against time at the 
electrode. The cell current is integrated during a specific section of the waveform to 
give an output in coulombs. Carbohydrates are oxidised at the gold electrode, but the 
products of this reaction 'poison' the electrode. By using a waveform which uses 
high positive followed by negative potentials, the electrode surface is cleaned for 
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Figure 2.10. The waveform used by ED40 for integrated amperometry. A repeating 
waveform of current against time with a high positive potential followed by negative 
potentials cleans the column. 
The column was cleaned for 15 minutes with 100 % 200 mmol.m 3 NaOH followed 
by 15 minutes with 92 % double distilled water and 8 % 200 mmol.m 3 NaOH before 
injection of each sample. The sample was passed through the columns at the same 
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Figure 2.12. Eluent concentrations and injection time for samples analysed using the HPLC. 
The column is cleaned with 100 % 200 mmol.m 3 NaOH solution for 15 minutes before 
switching to 8 % 200 mmol.m 3 NaOH solution for a further 15 minutes. The injection 
occurs after 30 minutes and the sample takes 30 minutes to run through the column. 
Starch analysis 
Samples of leaf, needle and root dried in the freeze drier were analysed for starch 
content using a method adapted from Allen (1974). Approximately 50 mg of 
material were weighed accurately into plastic test tubes and the mass recorded. 
Samples were analysed in triplicate. 5 cm 3 of 32% HCL04 was added to each and 
they were left at room temperature for 30 minutes to extract the starch. The extract 
was then centrifuged at 4000 rpm for 15 minutes and 1 cm  of supernatant was 
decanted into a 25 cm 3 volumetric flask. 15 cm3 of distilled water and 4 drops of 1 
mol.m 3 HC1 were added to each flask immediately followed by 0.25 cm 3 of Iodine 
solution (0.2% iodine, 2% potasium iodide). All flasks were then topped up to 
volume and readings of A max were taken (generally found to be close to 610 nm) 
using a Cecil CE303 grating spectrophotometer. 
Two blanks were obtained for each batch of extracts, using the method described 
above. 50 mg of pure starch was similarly treated, and a suitable range of dilutions 
for callibration curves were obtained by adding volumes between 0.0 cm 3 and 0.2 
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cm  to 25 cm  volumetric flasks, giving concentrations between 0 mg cm -3 and 0.08 
mg cm-3 . A na,, was measured for each standard to obtain a callibration graph. 
Unknown concentrations of starch were determined from the callibration and worked 
back to obtain a percentage composition of the original sample. A new callibration 
graph was determined for each new batch of samples analysed. Analytical grade 
chemicals were used throughout. 
STATISTICAL ANALYSIS & DATA PRESENTATION 
A number of computer software packages were used to analyse data from these 
experiments. Preliminary analysis was undertaken using Excel 4.0 for Windows 
(Microsoft). SAS for Windows 6.12 (SAS Institute Inc) was used for statistical 
analysis. In each experiment data was analysed using an hierarchical two way 
analysis of variance with CO 2 treatment nested within chamber. The choice of 
statistical test used was determined by the split CO2 and split nutrient treatments and 
by the use of open top chambers in the experimental design (Potvin, 1993). In 
statistical analyses with unbalanced sample sizes, the results of ANOVA tests using 
type ifi sums of squares were used. However, with an unbalanced sample size tests 
are prone to type II errors (accepting the null hypothesis of no treatment effect when 
it is false) (Potvin, 1993). In most cases tests were carried out on samples of equal 
size (balanced) to eliminate these effects. Statistics were tested at 5% significance 
level. 
Biological materials, such as the trees used in these experiments, exhibit high levels 
of variation as a result of differences between individuals and phenotypic spread 
(peach and sycamore). Differences in the positions of plants within chambers and in 
chamber position are likely to result in differences in growth conditions for each 
individual. These variations were, minimised by selecting plants at the beginning of 
each experiment which showed relatively small differences in initial size. The 
positions of plants from each treatment were randomised within chambers to account 
for heterogeneity of growth conditions, and significant differences in growth 
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conditions and results between chambers were tested for. While natural plant 
materials grown in semi-natural environments are subject to large variability, it is 
possible that differences in the population means might be missed as a result of 
insignificant results in statistical tests (Williams, 1994). In this case, power analysis 
of the sample means and variances can be used to give an indication of the sample 
sizes which would be required in future experiments to reveal the potential 
differences in the population means (Williams, 1994). A major limitation of these 
experiments is the time taken to harvest material. In multifactorial experiments even 
small sample sizes when multiplied by the number of treatments result in a large 
number of individuals. 
A condition of two way analysis of variance is that the variance of the samples being 
tested should be equal and that the samples should have a normal distribution 
(Fowler & Cohen, 1997). As plant material may grow exponentially for at least part 
of the growing season, it is possible that the variance of larger trees will be 
significantly different from the variance of the smaller trees in sub-optimal 
conditions. In addition exponential growth may cause the sample distributions to 
exhibit skew. Variances of samples were compared for significant difference and 
samples were tested for normality before two-way analysis of variance was used. 
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Chapter 3 
THE EFFECT OF ELEVATED CO2 AND NUTRIENT 
AVAILABILITY ON GROWTH AND ALLOCATION 
OF SYCAMORE (Acer pseudoplatanus) SEEDLINGS 
INTRODUCTION 
There is a large body of evidence to show that the carbon assimilation rate is 
increased by raising the concentration of CO2 at which trees are grown (Eamus & 
Jarvis, 1989; Mousseau & Saugier, 1992; Luxmoore, Wullschleger & Hanson, 1993; 
Drake et al, 1997; Heath & Kerstiens, 1997). The amount of carbon potentially 
available to the tree for growth is increased and many studies have found that at 
elevated CO2 concentrations biomass is larger than at ambient CO2 concentrations 
(Eamus & Jarvis, 1989; Conroy, 1992; Ceulemans & Mousseau, 1994; Tissue et al, 
1997). 
However, raising the CO2 concentration has been found to change the allocation 
patterns of trees (Ceulemans & Mousseau, 1994). At elevated CO2 concentrations 
trees have often grown comparatively more root than at ambient CO2 concentrations, 
though this tendency has usually been found in experiments where nutrients were 
limiting (Norby, O'Neill & Luxmoore, 1986; Rogers, Peterson, McCrimmon & Cure, 
1992). In experiments with optimal nutrition, increasing the growth CO2 
concentration was usually found to have no effect on allocation (Tolley & Strain, 
1984; Mousseau & Enoch, 1989; Mousseau & Saugier, 1992; Pettersson & 
McDonald, 1992; Pettersson, McDonald & Stadenberg, 1993). 
The allocation of carbon and nutrients are tightly linked as the acquisition of one 
resource depends on the use of the other (Cannell & Dewar, 1994). There is a need 
for a tree to balance the carbon which it has acquired with nutrients which it uses in 
the construction of proteins and other essential compounds. This balance is 
we 
maintained by adjusting the amount of tissue capable of CO 2 fixation (leaves) with 
the amount of tissue capable of nutrient uptake (roots) (Brouwer, 1962; Cannel! & 
Dewar, 1994). 
Varying CO2 concentrations and nutrient application rates provides useful tools to 
study changes in allocation because changing them causes an imbalance in the carbon 
nutrient ratio within the tree and can result in a change in allocation between the 
leaves and roots (Dewar, Ludlow & Dougherty, 1994). 
The response of allocation to increased CO 2 concentrations and to nutrient 
availability is also important to predict changes in vegetation growth as a result of 
increased atmospheric CO 2 concentrations. Atmospheric CO 2 concentrations 
continue to rise at a rate of approximately 1.2 tmoI.mol*yr' (Conway et a!, 1988) 
and are predicted to double to approximately 700 tmol.moi' by the mid to late 21st 
century. 
It has been observed that elevated CO 2 concentrations change allocation patterns in 
other ways, although there are no consistent trends. Some studies have found 
increases in allocation to branch number and branch dry mass (Sionit et al, 1985) 
while others have found none (Pettersson & McDonald, 1992). There are also 
conflicting reports on the effect of elevated CO 2 concentrations on stem growth, with 
some experiments finding that there are increases in allocation to the stem (Tolley & 
Strain, 1984; Conroy et al, 1986) and others finding no change or a reduction in 
allocation to the stem (Pettersson & McDonald, 1992) at elevated CO2 
concentrations. An increased allocation to stems and branches may be necessary 
physically to support an increase in leaf dry mass (Cannel! & Dewar, 1994). If 
allocation is dependent on direct source-sink interactions, then it may be that 
branches and stems are sinks which are less prone to nutrient limitation because their 
carbon to nutrient ratios are higher. Elevated CO 2 concentrations may encourage the 
growth of more stem and branch to offset the relative paucity of nutrient. 
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Thornley and Dewar's models (Thornley, 1991; Dewar, 1993) explain allocation in 
terms of different tree components growing at rates which are proportional to the 
local availabilities of carbon and nitrogen - the building blocks for growth. 
Superfluous quantities of carbon which cannot be used for growth because of nutrient 
limitation are probably converted to carbon rich storage compounds such as starch, 
and many studies report increased concentrations of starch at elevated CO2 
concentrations (Will & Ceulemans, 1997). 
Many experiments have shown that at elevated CO2 concentrations trees reduce their 
capacity for assimilation (Wullschleger, 1993; Gunderson & Wullschleger, 1994; 
Stirling et al, 1997). It has been suggested that downregulation of photosynthesis is 
caused by a feedback mechanism driven by starch accumulation, nitrogen limitation 
(Mousseau & Saugier, 1992) or raised carbohydrate levels in leaf tissues (Van Oosten 
& Besford, 1996). The contemporary view suggests that downregulation should only 
be observed where the growing conditions are nutrient or pot limited (Arp, 1991; 
Sage, 1994). 
Downregulation of photosynthesis reduces the carbon available for growth, and is 
often found alongside reduced increments in biomass (Pettersson, McDonald & 
Stadenberg, 1993). However, even when there is no evidence of downregulation, 
there may be no effect of CO2 concentration on the tree biomass (Norby et al, 1992), 
and it has been suggested that this is because excess carbon has been allocated to root 
exudation or to growth of fine roots which have a high turnover rate (Norby, 1994). 
A number of authors show that the stomatal conductance of leaves (g) is lower at 
elevated CO 2  concentrations than at ambient CO2 concentrations (Morison, 1985; 
Drake et al, 1997). To achieve the same internal partial pressure of CO2, trees whose 
leaves are surrounded by a higher concentration of CO 2 can have a reduced stomatal 
conductance. An effect of this is that there is less water loss per unit of CO2 
assimilated, and the tree should have an increased Water Use Efficiency 
(WUE)(Drake et al, 1997). Assuming that one of the main functions of the stem is as 
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a conduit for water transport between the roots and the leaves (Valentine, 1990), one 
might expect that this increased WUE would influence the relative allocation 
between leaves and stem. If the transpiration per unit leaf area is reduced, the cross-
sectional area of water conducting sapwood could support relatively more leaf area. 
In the experiment presented in this chapter, one-year-old sycamore seedlings were 
grown in six open top chambers (three with ambient CO 2 concentrations of 350 .tmol 
moF 1 , and three with elevated CO 2 concentrations of ambient plus 350 pmo1 mol') 
and an outside plot in a glasshouse at The University of Edinburgh. Two nutrient 
regimes were applied based on a predicted growth rate of the plants (Materials and 
Methods, Chapter 2). One nutrient treatment was optimal and is referred to in this 
chapter as the high nutrient addition rate, and the other was sub-optimal and is 
referred to in this chapter as the low nutrient addition rate. The aim of this 
experiment was to determine the combined effects of CO 2 concentration and nutrient 
addition rate on the growth and allocation of sycamore seedlings. 
RESULTS 
Dry Mass 
The dry mass of different tree components and total above ground and total dry mass 
are shown in Table 3.1(01/08/95 harvest), Table 3.2 (02/10/95 harvest) and Figure 
3.1. At both harvests, leaf dry mass, leader dry mass and branch dry mass were 
significantly affected by nutrient treatment (01/08/95 harvest, p < 0.05; 02/10/95 
harvest, p < 0.0001). However, of these components CO 2 treatment only 
significantly affected leaf dry mass (02/10/95 harvest, p <0.05; 0 1/08/95 harvest, p < 
0.10). Leaf dry mass was 57 % (01/08/95 harvest) and 54 % (02/10/95 harvest) 
larger at elevated CO 2 concentrations and at the high nutrient addition rate than at 
ambient CO 2 concentrations and at the high nutrient addition rate. At the low 
nutrient addition rate, the increases in leaf dry mass between ambient and elevated 
CO2 treatments were 32 % (01/08/95 harvest) and 37 % (02/10/95 harvest). 
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Table 3. 1. Results for dry mass, 01/08/95 harvest. Total dry mass (g), leaf dry mass (g), leader dry mass (g), branch dry mass (g), root dry mass (g), 
total above ground dry mass (g), root dry mass/shoot dry mass and root dry mass/leaf dry mass. All figures + 1 standard error. HCHN (Elevated CO2, 
High Nutrient; n = 8), HCLN (Elevated CO2, Low Nutrient; n = 8), LCHN (Ambient CO2, High Nutrient; n = 8), LCLN (Ambient CO2, Low Nutrient; n 
= 8), OHN (Outside plot, High Nutrient; n = 8), OLN (Outside plot, Low Nutrient; n = 8). p  values are shown for CO2 (elevated CO2 vs ambient CU2), 
Nutrient (high nutrient vs low nutrient), Interaction (CO2-nutrient interaction), Chamber (chamber vs no chamber). 
	
TREATMENT 	 p VALUES 
Variable 	HCHN 	HCLN 	LCHN 	LCLN OHN 	OLN 	CO2 	Nutrient 	Interaction Chamber 
Total 65.4 48.7 52.5 40.7 56.3 49.4 0.0155 0.0003 0.3845 0.0699 
+4.41 +2.29 +3.06 +1.91 +5.22 +3.23 * *** 
Leaf 20.8 9.64 13.3 7.30 12.9 7.32 0.0897 0.0001 0.1051 0.9288 
± 1.88 + 135 +2.55 +0.801 ± 1.23 +0.413 *** 
Leader 17.5 13.3 15.3 11.9 15.0 12.3 0.5292 0.0407 0.8191 0.8892 
+1.74 +1.10 ± 1.81 +1.00 +3.18 +1.17 * 
Branch 2.41 0.474 1.91 0.230 1.13 0.510 0.635 0.0003 0.2145 0.811 
±0.84 ±031 ±0.72 ±0.23 ±0.29 ±0.29 *** 
Root 24.7 25.3 22.0 21.2 27.3 29.3 0.1113 0.8784 0.7558 0.0137 
+2.41 + 2.40 +2.63 +1.14 +2.20 +239 * 
Above 40.7 23.4 30.5 19.5 29.0 20.1 0.0318 0.0001 0.2008 0.9008 
ground + 2.51 + 1.69 +2.77 +137 +4.04 +1.09 * *** 
Root /shoot 0.61 1.14 0.78 1.13 1.03 1.46 0.4065 0.0001 0.6067 0.0364 
±0.05 ±0.15 ±0.10 ±0.11 ±0.14 ±0.10 *** * 
Root/leaf 1.25 3.19 2.26 3.21 2.24 4.03 0.3758 0.0001 0.3651 0.6734 
±0.15 ±0.78 ±0.49 ±0.42 ±0.29 ±032 
Table 3.2. Results for dry mass, 02/10/95 harvest. Total dry. mass (g), leaf dry mass (g), leader dry mass (g), branch dry mass (g), root dry mass (g), 
total above ground dry mass (g) root dry mass/shoot dry mass and root dry mass/leaf dry mass. All figures + 1 standard error. HCHN (Elevated CO2, 
High Nutrient; n = 11), HCLN (Elevated CO 2, Low Nutrient; n = 14), LCHN (Ambient CO2, High Nutrient; n = 10), LCLN (Ambient CO2, Low 
Nutrient; n = 17), OHN (Outside plot, High Nutrient; n = 10), OLN (Outside plot, Low Nutrient; n = 12). p  values are shown for CO2 (elevated CO 2 vs 
ambient CO2), Nutrient (high nutrient vs low nutrient), Interaction (CO 2-nutrient interaction), Chamber (chamber vs no chamber). 
	
TREATMENT 	 p VALUES 
Variable 	HCHN 	HCLN 	LCHN 	LCLN OHN 	OLN 	CO2 	Nutrient 	Interaction Chamber 
Total 86.0 58.4 69.4 51.2 83.4 54.8 0.0439 0.0001 0.0446 0.0964 
+2.65 +1.46 +3.88 +2.00 +4.39 +1.37 * *** * 
Leaf 26.5 11.7 17.3 8.53 20.5 8.58 0.0308 0.0001 0.0123 0.447 
+ 1.59 +0.86 +1.69 +0.58 +1.59 ±0.50 * *** * 
Leader 26.8 16.0 25.1 16.5 24.2 14.4 0.7349 0.0001 0.6598 0.365 
± 1.93 ±0.62 ±2.19 ±0.83 ±2.12 ±0.73 *** 
Branch 2.91 0.58 1.50 0.67 2.23 0.37 0.4098 0.0001 0.1448 0.758 
±0.81 ±0.18 ±0.56 ±0.13 ±0.69 ±0.12 
Root 29.79 30.1 25.5 25.5 36.4 31.4 0.164 0.251 0.1033 0.0338 
± 1.31 +1.16 +1.63 ± 1.28 ±2.61 +1.18 * 
Above 56.2 28.3 43.9 25.7 46.9 23.4 0.048 0.0001 0.0114 0.905 
ground ±2.62 +0.98 ±2.93 +1.08 ±2.26 ±0.94 * *** * 
Root / shoot 0.545 1.082 0.597 1.006 0.779 1.37 0.864 0.0001 0.2878 0.0464 
±0.039 ±0.056 ±0.045 ±0.051 ±0.043 ±0.075 *** * 
Root/leaf 1.19 2.77 1.63 3.19 1.86 3.80 0.4799 0.0001 0.7422 0.3726 
±0.12 ±0.25 ±0.20 ±0.25 ±0.18 ±0.28 *** 
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Figure 3.1. Mean biomass allocation to sycamore branch, leaf, stem and root fractions. HCHN (elevated CO,, high nutrient), HCLN (elevated CO,, 
low nutrient), LCHN (ambient CO 2, high nutrient), LCLN (ambient CO 2 , low nutrient), OHN (outside plot, high nutrient), OLN (outside plot, low 
nutrient). Initial harvest, 3/05/95(n = 10); harvest 1, 01/08/95 (n = 8); harvest 2, 02/10/95 (n > 10). All bars ± one standard error of the total 
aboveground and belowground dry mass. 
62 
There was a significant interaction effect of CO 2  treatment and nutrient treatment on 
leaf dry mass. Root dry mass was unaffected by nutrient treatment or by CO 2 
treatment but was significantly different (p < 0.05) inside and outside open top 
chambers. The total above ground dry mass and total plant dry mass were 
significantly different between nutrient treatments (p < 0.0005) and between CO 2 
treatments (p < 0.05). At the final harvest, the high nutrient addition rate and 
elevated CO 2  concentrations had increases in total dry mass of 24 % when compared 
to ambient CO 2  concentrations and the high nutrient addition rate. At the low 
nutrient addition rate there were increases in total dry mass of 14 % between elevated 
and ambient CO 2  concentrations. Nutrient addition rate had a larger effect on the 
final dry mass, with trees in elevated CO 2  concentrations exhibiting 47 % more 
growth, and in ambient CO 2 concentrations 35 % more growth at the higher nutrient 
addition rate. There was a significant interaction (p <0.05) between CO 2 treatment 
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Figure 3.2. The line shows the predicted total dry mass (g) of trees grown at ambient CO 2 
concentrations and at the high nutrient addition rate (after Habib, Millard & Proe, 1993) 
which was used to determine the optimal nutrient addition rate. Superimposed bars show 
the harvest dry mass (g) of plants grown at ambient CO 2 concentrations and at the high 
nutrient addition rate (LCHN) at the 01/08/95 harvest (n = 8) and at the 02/10/95 harvest (n 
> 10). Bars are ± one standard error. 
The predicted total dry mass (g) of trees at ambient CO2 concentrations and at the 
high nutrient addition rate which was used to determine the optimal nutrient addition 
rate, is shown in Figure 3.2 (after Habib, Millard & Proe, 1993). The superimposed 
bars show the total harvest dry mass (g) at ambient CO2 concentrations and at the 
high nutrient addition rate at both the 01/08/95 and at the 02/10/95 harvest. On both 
occasions the measured biomass was extremely close to the predicted value, 
suggesting that it was appropriate to use the curve to determine the optimal addition 
rate. 
64 






/1 A 	HCHN 
—s - HCLN 
F —D-- LCHN 
/ 
V 	/ —O—OHN 
—®.- OLN 
I I 	I 
120 	160 	200 	240 280 
Day of year 
Figure 3.3. Mean tree dry mass plotted on logarithmic scale for three harvests. Slopes for 
different treatments used in calculation of relative growth rate. HCHN (elevated CO 2, high 
nutrient), HCLN (elevated CO 2, low nutrient), LCHN (ambient CO 2. high nutrient), LCLN 
(ambient CO2, low nutrient; slopes), OHN (outside plot, high nutrient), OLN (outside plot, 
low nutrient). 03/05/95 harvest, n = 10; 01/08/95 harvest, n = 8; 02/10/95 harvest n > 10. 
All points ± one standard error. 
Figure 3.3 shows the mean tree dry mass plotted on a logarithmic scale for each of 
the three harvests. The slopes of the lines for each treatment give the average relative 
growth rate R (Table 3.3). 
= (log W2 — log 14';) 
t2 — tl 
where R is the relative growth rate, W2 is the second dry mass measurement taken at 




Variable 	HCHN 	HCLN 	LCHN 	LCLN 	OHN 	OLN 
Period 1 	0.0329 	0.0296 	0.0304 	0.0276 	0.0312 	0.0296 
Period 2 0.00441 0.00292 0.00449 0.00372 0.00632 0.00166 
Table 3.3. Relative growth rates (%.day') for different treatments during period 1 
(03/05/95-01/08/95) and period 2 (01/08/95-02/10/95). HCHN (elevated CO2. high 
nutrient), HCLN (elevated CO 2 , low nutrient), LCHN (ambient CO2, high nutrient), LCLN 
(ambient CO 2 . low nutrient), OHN (outside plot, high nutrient), OLN (outside plot, low 
nutrient). 
The slopes diverge between the initial harvest and the harvest on 01/08/95, indicating 
that there were different relative growth rates for each treatment. The three high 
nutrient treatments had the largest relative growth rates, with elevated CO2 
concentrations showing the largest followed by the outside plot and inside chambers 
at ambient CO2 concentrations. At the low nutrient addition rate trees had smaller 
relative growth rates during this period, with the outside plot showing the largest, 
followed by elevated CO2 concentrations and ambient CO2 concentrations. During 
the second period of growth (between 01/08/95 and 02/10/95) the relative growth 
rates were all reduced, and diverged less, suggesting that most of the differences in 
final dry mass were attributable to different growth rates earlier in the growing 
season. The exceptions to this trend were in the outside plot which showed a higher 
relative growth rate at the high nutrient addition rate than at the low nutrient addition 
rate. At elevated CO2 and the high nutrient addition rate the relative growth rate was 
very similar to ambient CO2 and the high nutrient addition rate while the low nutrient 
addition rates had slightly reduced relative growth rates. 
Dry mass allocation 
Leader dry mass, branch dry mass, leaf dry mass and root dry mass expressed as a 
percentage of the total dry mass are shown in Table 3.4 (01/08/95 harvest), Table 3.5 
(02/10/95 harvest) and in Figures 3.4a and 3.4b. At 01/08/95, only the allocation to 
the leader was unaffected by nutrient addition rate. The effects of nutrient addition 
rate on the branch, leaf and root components were highly significant (p < 0.0005). 
Table 3.4. Dry mass allocation at the 01/08/95 harvest. Leader dry mass, branch dry mass, leaf dry mass and root dry mass as percentages of total dry 
mass. All figures ±. one standard error. HCHN (Elevated CO2, High Nutrient; n = 8), HCLN (Elevated CO2, Low Nutrient; n = 8), LCHN (Ambient 
CO2, High Nutrient; n = 8), LCLN (Ambient CO2, Low Nutrient; n = 8), OHN (Outside plot, High Nutrient; n = 8), OLN (Outside plot, Low Nutrient; n 
= 8). p  values are shown for CO2 (elevated CO2 vs ambient CO2), Nutrient (high nutrient vs low nutrient), Interaction (CO2-nutrient interaction), 
Chamber (chamber vs no chamber). 
	
TREATMENT 	 p VALUES 
Variable 	HCHN 	HCLN 	LCHN 	LCLN OHN 	OLN 	CO2 	Nutrient 	Interaction 	Chamber 
Leader 26.8 27.1 29.0 29.2 25.3 24.9 0.4963 0.6377 0.7665 0.2843 
+1.99 +2.03 +2.83 +1.85 +3.07 +1.82 
Branch 3.89 1.01 3.56 0.54 2.27 1.16 0.745 0.0005 0.2118 0.888 
+1.29 +0.69 ± 1.32 +0.54 +0.64 +0.65 ** 
Leaf 31.9 20.1 25.3 17.9 23.2 15.1 0.228 0.0001 0.6696 0.676 
±2.29 ±2.70 ±4.62 +1.84 +1.62 ±0.93 
Root 37.4 51.7 42.1 52.4 49.3 58.8 0.2839 0.0001 0.6343 0.0478 
+2.09 +3.09 +4.16 +2.20 +3.06 +1.72 * 
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Table 3.5. Dry mass allocation at the 02/10/95 harvest. Leader dry mass, branch dry mass, leaf dry mass and root dry mass as percentages of total dry 
mass. All figures ± one standard error. HCHN (Elevated CO2, High Nutrient; n = 11), HCLN (Elevated G02, Low Nutrient; n = 14), LCHN (Ambient 
G02, High Nutrient; n = 10), LCLN (Ambient G02, Low Nutrient; n = 17), OHN (Outside plot, High Nutrient; n = 10), OLN (Outside plot, Low 
Nutrient; n = 12). p  values are shown for CO2 (elevated CO2 vs ambient CO2), Nutrient (high nutrient vs low nutrient), Interaction (CO2-nutrient 
interaction), Chamber (chamber vs no chamber). 
	
TREATMENT 	 p VALUES 
Variable 	HCHN 	HCLN 	LCHN 	LCLN OHN 	OLN 	CO2 	Nutrient 	Interaction Chamber 
Leader 31.0 27.5 35.9 32.2 29.0 26.4 0.0186 0.0117 0.9451 0.0074 
+1.74 +0.99 +2.04 +1.08 +2.07 +1.21 * * ** 
Branch 3.29 0.98 2.23 1.38 2.78 0.69 0.7602 0.0004 0.3413 0.9362 
+0.93 +0.29 +0.86 +0.29 +0.93 +0.23 *** 
Leaf 30.9 20.0 25.0 16.8 24.7 15.7 0.2025 0.0001 0.5238 0.8136 
±1.72 ±1.29 ±2.15 ±1.01 ±1.65 ±0.79 
Root 34.9 51.5 36.9 49.6 43.5 57.3 0.976 0.0001 0.3128 0.0524 
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Figure 3.4. Percentage of dry mass allocated to leader, branch, leaf and root. a) 01/08/95 
harvest, n = 8. b) 02/10/95 harvest, n > 10. HCHN (elevated CO 2. high nutrient), HCLN 
(elevated CO 2 , low nutrient), LCHN (ambient CO,, high nutrient), LCLN (ambient CO2. low 
nutrient), OHN (outside plot, high nutrient), OLN (outside plot, low nutrient). All bars + 
one standard error. 
Allocation to branch and leaf was consistently increased by high nutrient addition 
rate, while allocation to the roots was increased by low nutrient addition rate. Root 
dry mass was significantly affected by chamber presence (p <0.05). At the 01/08/95 
harvest CO 2  treatment did not have a significant effect on allocation to any of the tree 
fractions. 
However, by the 02/10/95 harvest a significant CO 2 and nutrient treatment effects 
had developed on allocation to leader dry mass. The allocation to leader dry mass 
was reduced by elevated CO 2  concentrations. Leader dry mass was also significantly 
affected by chamber presence (p < 0.01). Nutrient addition rate had a significant 
effect on each plant component (p < 0.05). The high nutrient addition rate was 
characterised by larger allocations to leader dry mass, branch dry mass and leaf dry 
mass, and smaller allocation to root dry mass than the low nutrient addition rate. 
Shifts in dry mass allocation to the leaf and root components accounted for the 
largest differences between nutrient treatments, with allocation to the leaf increasing 
by an average of 9 % and to the root by an average of 14 %. 
Root:shoot ratio 
There were no significant differences between the root shoot ratios (total root dry 
mass (g) / total aboveground dry mass (g)) at elevated and ambient CO 2 
concentrations (Tables 3.1 and 3.2)) at either harvest. However, at both harvests 
nutrient addition rate had a significant effect on the root shoot ratio (p < 0.0001), 
with the high nutrient addition rate always having smaller root shoot ratios than the 
low nutrient addition rate. The root shoot ratios for the high nutrient addition rate 
when compared to the low nutrient addition rate were 54 % smaller at elevated CO 2 
concentrations, 69 % smaller at ambient CO 2 concentrations and 71 % smaller in the 
outside plot. 
There was a consistent decrease in the root : shoot ratios between the 01/08/95 
harvest and the 02/10/95 harvest, showing that during this period the aboveground 
dry mass increased by more than the belowground dry mass. This decrease was 
largest at ambient CO 2 concentrations (from 0.778 ± 0.104 to 0.597 ± 0.0456) and in 
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the outside plot (from 1.030 ± 0.136 to 0.779 ± 0.0428) at the high nutrient addition 
rate. At both harvests there was a significant difference (p < 0.05) in the root: shoot 
ratio between trees in the open top chambers and those in the outside plot. 
Root: leaf ratio 
There were no significant effects of CO 2 treatment on the root : leaf ratios (total root 
dry mass (g) / total leaf dry mass (g)) at either harvest (Tables 3.1 and 3.2). 
However, at both harvests nutrient addition rate had a significant effect on the root 
leaf ratio (p <0.0001), with the high nutrient addition rate always having smaller root 
leaf ratios than the low nutrient addition rate. 
Between the 01/08/95 and 02/10/95 harvests there were consistent decreases in the 
root : leaf ratios for all treatments, i.e. the leaf dry mass increased by more than the 
root dry mass. 
Morphological features 
Table 3.6 (01/08/95 harvest) and Table 3.7 (02/10/95 harvest) summarise results for 
the mean total leaf area (cm 2),  mean total number of leaves per tree, mean leaf area / 
mean total number of leaves, mean total number of branches per tree, mean total tree 
height, mean collar diameter and mean basal diameter. 
Leaf area 
The mean total leaf area (Tables 3.6 and 3.7) was highly significantly affected by 
nutrient addition rate (p <0.0001) at both harvests. Figures for the 02/10/95 harvest 
show that the total leaf area was more than halved from an average of 2360 cm 2.tree 
to an average of 1140 cm 2 .tree 1 by the low nutrient addition rate when compared 
to the high nutrient addition rate. CO 2 treatment had no significant effect on total 
leaf area. Total leaf area increased by more between the 01/08/95 harvest and the 
02/10/95 harvest at elevated CO 2 and at the high nutrient addition rate and in the 
outside plot at the high nutrient addition rate than in any of the other treatments. 
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Table 3.6. Morphological features, 01/08/95 harvest. Average leaf area per tree, average number of leaves per tree, average leaf area per tree / number 
of leaves per tree, average tree height, average number of branches per tree, average basal diameter and average collar diameter. All figures j one 
standard error. HCHN (Elevated CO 2, High Nutrient; n = 8), HCLN (Elevated CO2, Low Nutrient; n = 8), LCHN (Ambient CO2, High Nutrient; n = 8), 
LCLN (Ambient CO2, Low Nutrient; n = 8), OHN (Outside plot, High Nutrient; n = 8), OLN (Outside plot, Low Nutrient; n = 8). p  values are shown 
for CO2 (elevated CO2 vs ambient CO2), Nutrient (high nutrient vs low nutrient), Interaction (CO2-nutrient interaction), Chamber (chamber vs no 
chamber). 
	
TREATMENT 	 p VALUES 
Variable 	HCHN 	HCLN 	LCHN 	LCLN OHN 	OLN 	CO2 	Nutrient 	interaction 	Chamber 
Leaf area 2190 1180 1800 790 1300 870 0.2864 0.0001 0.0671 0.6204 
(cm2) ±160 ±70 ±400 ±100 ±130 ±70 
Number of 40.6 22.2 44.6 14.3 53.4 28.1 0.6356 0.0001 0.3799 0.1279 
leaves ± 4 .4 ±3.4 ±8.8 ±3.2 ±5.8 ±5.7 
Leaf area I 58.7 64.2 39.1 62.7 27.3 39.6 0.5194 0.0282 0.5897 0.2056 
Leaf number ±8.1 ± 12.5 ±3.7 ±6.9 ±4.8 ±7.2 * 
Height (cm) 83.7 71.0 74.5 62.7 55.5 59.0 0.3966 0.2326 0.3646 0.1542 
±2.3 ±5.8 ±7.2 ±5.3 ±7.9 ±4.8 
Number of 5.50 1.50 6.38 0.63 5.25 2.88 0.8406 0.0001 0.3088 0.5876 
branches +1.0 +0.63 +1.40 +0.42 +0.98 +1.43 *** 
Basal diam. 13.6 12.6 13.3 12.3 13.7 11.3 0.3937 0.0002 0.2288 0.3566 
(mm) ±0.43 ±0.41 ±0.28 ±0.33 ±0.65 ±037 
Collar diam. 11.5 11.2 11.4 11.0 11.7 9.86 0.6484 0.0100 0.1350 0.2054 
(mm) ±0.38 ±0.35 ±0.29 ±0.33 ±0.58 ±0.37 ** 
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Table 3.7. Morphological features, 02/10/95 harvest. Average leaf area per tree, average number of leaves per tree, average leaf area per tree / number 
of leaves per tree, average tree height, average number of branches per tree, average basal diameter and average collar diameter. All figures ± one 
standard error. HCHN (Elevated CO2, High Nutrient; n = 11), HCLN (Elevated CO2, Low Nutrient; n = 14), LCHN (Ambient CO2, High Nutrient; n = 
10), LCLN (Ambient CO2, Low Nutrient; n = 17), OHN (Outside plot, High Nutrient; n = 10), OLN (Outside plot, Low Nutrient; n = 12). p  values are 
shown for CO2 (elevated CO2 vs ambient CO2), Nutrient (high nutrient vs low nutrient), Interaction (CO2-nutrient interaction), Chamber (chamber vs no 
chamber). 
	
TREATMENT 	 p VALUES 
Variable 	HCHN 	HCLN 	LCHN 	LCLN OlIN 	OLN 	CO2 	Nutrient 	Interaction 	Chamber 
Leaf area 2730 1380 1900 1050 2450 1000 0.114 0.0001 0.0774 0.4143 
(cm 2) ±210 ±140 ±250 ±70 ±210 ±90 
Number of 59.3 30.6 57.3 36.2 68.7 32.3 0.7538 0.0001 0.2996 0.6808 
leaves ±6.1 ±3.3 ± 5.2 ±3.5 ± 9.5 ±4.0 *** 
Leaf area 47.6 48.2 32.7 31.4 39.5 34.6 0.047 0.3392 0.8181 0.44 
Leaf number ±2.3 ± 4 .4 ±3.1 ±2.5 ±4.1 ±3.3 * 
Height (cm) 91.8 79.5 97.8 81.8 82.6 67.1 0.5192 0.0001 0.9943 0.0897 
± 4.9 ±3.5 ± 6.3 ±3.9 ±5.8 + 1.9 *** 
Number of 4.73 3.71 6.00 4.77 5.40 4.00 0.3874 0.0709 0.9863 0.6442 
branches ±0.9 ±0.8 ±0.8 ±0.6 +1.2 +1.0 
Basal diam. 14.5 12.7 13.9 12.7 14.8 12.5 0.418 0.0001 0.2534 0.372 
(mm) ±0.6 ±0.2 ±0.3 ±0.2 ±0.4 ±0.4 *** 
Collar diam. 12.4 11.2 12.1 11.3 12.8 10.7 0.6719 0.0001 0.1000 0.8032 
(turn) ±0.5 ±0.2 ±0.2 ±0.2 ±0.4 ±0.3 *** 
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Table 3.8. Specific leaf area. Specific leaf area (leaf area I leaf dry mass, m2 .kg'). All figures ± one standard error. HCHN (Elevated CO2, High 
Nutrient), HCLN (Elevated CO 2, Low Nutrient), LCHN (Ambient CO2, High Nutrient), LCLN (Ambient CO2, Low Nutrient), OHN (Outside plot, High 
Nutrient), OLN (Outside plot, Low Nutrient). 01/08/95 harvest, n = 8; 02/10/95, n > 10. p  values are shown for CO2 (elevated CO2 vs ambient CU2), 
Nutrient (high nutrient vs low nutrient), Interaction (CO 2-nutrient interaction), Chamber (chamber vs no chamber). 
	
TREATMENT 	 p VALUES 
Variable 	HCHN 	HCLN 	LCHN 	LCLN OHN 	OLN 	CO2 	Nutrient 	Interaction 	Chamber 
01/08/95 11.01 13.27 16.09 10.93 10.24 12.12 	0.3745 	0.7306 	0.0258 	0.1695 
harvest +1.19 +1.28 +3.19 +0.92 +0.74 +0.99 * 
02/10/95 10.21 11.63 10.83 12.52 12.00 11.67 	0.3837 	0.0901 	0.2128 	0.8479 
harvest +034 +0.71 +0.82 +0.44 +0.47 +0.74 
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Leaf number 
The mean total number of leaves per tree (Tables 3.6 and 3.7) was significantly 
affected by nutrient addition rate (p < 0.0001) at both harvests. The mean total 
number of leaves per tree was consistently lower at the low nutrient addition rate than 
at the high nutrient addition rate. There was no CO2 treatment effect on the number 
of leaves per tree. In all treatments there was an increase in the mean total leaf 
number per tree between the 01/08/95 harvest and the 02/10/95 harvest. 
Specific leaf area 
There were no significant differences in specific leaf areas between CO 2 or nutrient 
treatments at either harvest (Table 3.8). 
Branch number 
The mean number of branches per tree (Tables 3.6 and 3.7) was not affected by CO 2 
treatment at either harvest. Nutrient addition rate had a very significant effect on the 
number of branches per tree at the 01/08/95 harvest (p < 0.0001). For trees in open 
top chambers and at the low nutrient addition rate, the number of branches per plant 
was 81 % less than at the high nutrient addition rate. However, between the 01/08/95 
and the 02/10/95 harvests this discrepancy was reduced as the low nutrient addition 
rate grew proportionately more new branches than the high nutrient addition rate. 
The number of branches per tree did not change between the 01/08/95 and 02/10/95 
harvests for any of the other treatments. By the 02/10/95 harvest there was no longer 
a significant difference between the number of branches per tree at the high and low 
nutrient addition rates. 
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Mean tree height 
There were no significant differences in the mean heights of harvested trees (Tables 
3.6 and 3.7) between treatments at the 01/08/95 harvest. However, trees harvested on 
02/10/95 showed a significant difference in mean height between nutrient treatments. 
The low nutrient addition rate consistently had smaller heights than the high nutrient 
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Figure 3.5. Mean tree height (cm) against day of year (DOY). HCHN (elevated CO2. high 
nutrient), HCLN (elevated CO2, low nutrient), LCHN (ambient CO 2, high nutrient), LCLN 
(ambient CO2, low nutrient), OHN (outside plot, high nutrient), OLN (outside plot, low 
nutrient). Between DOY 100 and DOY 213 n > 20. Between DOY 214 and DOY 275 n > 
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Figure 3.6. Mean rate of leader extension during the growing season. HCHN (elevated 
CO2, high nutrient), HCLN (elevated CO 2 , low nutrient), LCHN (ambient CO 2, high 
nutrient), LCLN (ambient CO 2 . low nutrient), OHN (outside plot, high nutrient), OLN 
(outside plot, low nutrient). Between DOY 100 and DOY 213, n > 20. Between DOY 214 
and DOY 275, n > 10. All points ± one standard error. 
Figure 3.5 shows the mean heights of trees over the growing season. Although trees 
in the outside plot had a smaller height than in the open top chambers from the 
beginning of the growing season, the differences between elevated CO2 
concentrations and ambient CO2 concentrations did not manifest themselves until 
much later in the season (day of year 213 onwards). Trees in the outside plot grew 
less in height than in the open top chambers, and by day of year 213 the low rate of 
nutrient addition had smaller heights than the high rate of nutrient addition. Heights 
at elevated CO2 concentrations were larger than at ambient CO2 concentrations until 
the end of the growing season when height growth at ambient CO 2 concentrations 
caught up and even overtook height growth at elevated CO2 concentrations. During 
the period before the final harvest, there was no new height growth at elevated CO2 
concentrations while at ambient CO 2 concentrations height growth continued. The 
period of leader elongation was longer at the high nutrient addition rate and ambient 
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CO2 concentrations or in the outside plot than at the high nutrient addition rate and at 
elevated CO2 concentrations. This is also demonstrated by Figure 3.6 which shows 
the mean rate of leader extension over the growing season and by Figure 3.7 which 
shows the mean relative rate of leader extension (L). 
L 
(log h2 — log h1 ) 
t2 - t I 
where E is the relative rate of leader extension, h2 is the second height measurement 
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Figure 3.7. Mean relative rate of leader extension during the growing season. HCHN 
(elevated CO 2, high nutrient), HCLN (elevated CO 2 , low nutrient), LCHN (ambient CO 2 , 
high nutrient), LCLN (ambient CO 2 , low nutrient), OHN (outside plot, high nutrient), OLN 
(outside plot, low nutrient). Between DOY 100 and DOY 213, n > 20. Between DOY 214 
and DOY 275, n > 10. All points ± one standard error. 
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The mean rate of leader extension and the mean relative rate of leader extension were 
higher at elevated CO2 concentrations and at the high nutrient addition rate than in 
any other treatment during the period between day of year 180 and day of year 210. 
The rate of leader extension and mean relative rate of leader extension at ambient 
CO2 concentrations or in the outside plot at the high nutrient addition rate were 
subsequently maintained at higher rates than at elevated CO 2 concentrations until the 
final harvest. 
At the time of the final harvest, none of the trees at the low nutrient addition rate and 
at elevated CO2 concentrations with a high nutrient addition rate were growing in 
height, while at ambient CO2 concentrations and in the outside plot at the high 
nutrient addition rate they still had small increases in leader length. 
Collar diameter 
There was no significant difference in collar diameter between CO 2 treatments at 
either harvest (Tables 3.6 and 3.7). However, there was a significant difference in 
collar diameter between nutrient treatments (01/08/95 harvest, p < 0.01; 02/10/95 
harvest, p <0.0001). At the high nutrient addition rate, there was an increase in 
collar diameter between the two harvests. But this was not as pronounced at the low 
nutrient addition rate and consequently the differences between nutrient treatments 
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Figure 3.8. Mean basal diameter during the growing season. HCHN (elevated CO 2, high 
nutrient), HCLN (elevated CO 2 , low nutrient), LCHN (ambient CO 2, high nutrient), LCLN 
(ambient CO 2 , low nutrient), OHN (outside plot, high nutrient), OLN (outside plot, low 
nutrient). 03/05/95, n = 33; 15/06/95, n = 33; 01/08/95, n = 8; 02/10/95, n > 10. All 
points ± one standard error. 
Basal diameter 
Although basal diameter was not significantly different between CO2 treatments at 
either harvest (Tables 3.6 & 3.7), there was a significant difference in basal diameters 
between nutrient treatments at both harvests (p <0.0002). There was some increase 
in basal diameter between the two harvests, and this was larger at the high nutrient 
addition rate than at the low nutrient addition rate. The resulting differences in basal 
diameters at the two nutrient addition rates were larger at the 02/10/95 harvest. 
Figure 3.8 shows the increase in basal diameter for each treatment over the growing 
season. The period of fastest growth for all treatments was between the 15/06/95 and 
01/08/95. At the low nutrient addition rate basal diameters were smaller from early 
in the season, and this difference became more pronounced towards the end of the 
season. At elevated CO2 concentrations and at the high nutrient addition rate trees 
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growth rates were higher during the final measurement period than at ambient CO 2 
concentrations and in the outside plot at the high nutrient addition rate. 
Leaf area / sapwood area 
There was a significant difference in leaf area: sapwood cross-sectional area between 
CO2 treatments (p <0.01) and nutrient treatments (Table 3.9; p  <0.05). The values 
of leaf area / sapwood cross-sectional area were larger at elevated CO 2 concentrations 
than at ambient CO 2  concentrations. The high nutrient addition rate also resulted in 
larger values of leaf area / sapwood area when compared to the low nutrient addition 
rate. There was a significant difference (p < 0.05) in the value of the leaf area / 
sapwood cross-sectional area ratio between trees grown in the open top chambers and 
in the outside plots. 
Leaf dry mass / sapwood area 
Leaf dry mass / sapwood cross-sectional area was significantly different between CO 2 
treatments (p < 0.01) and between the two nutrient addition rates (Table 3.9; p < 
0.0001). At elevated CO 2 concentrations the leaf dry mass / sapwood cross-sectional 
area was larger than at ambient CO 2 concentrations or in the outside plot and at the 
high nutrient addition rate the leaf dry mass / sapwood cross-sectional area was larger 
than at the low nutrient addition rate. 
Stem:Ieaf ratio 
Results for the stem : leaf ratio (total stem dry mass (g) / total leaf dry mass (g)) at 
both the 01/08/95 and 02/10/95 harvests are presented in Table 3.9. There was no 
significant effect of CO 2 treatment on the stem : leaf ratio at either harvest. 
However, there were significant differences in the stem : leaf ratios of plants at the 
two nutrient addition rates (01/08/95 harvest, p  <0.01; 02/10/95 harvest, p  <0.001). 
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Table 3.9. Leaf-stem allometry. Leaf area / sapwood cross sectional area (kg.6 2) (01/08/95 & 02/10/95 harvests), leaf dry mass / sapwood cross-
sectional area (m 2 .m 2) (01/08/95 & 02/10/95 harvests), leaf dry mass / stem dry mass (g.g') (01/08/95 harvest) and leaf dry mass / stem dry mass (g.g 1) (02/10/95 harvest). All figures ± one standard error. HCHN (Elevated CO2, High Nutrient), HCLN (Elevated CO 2, Low Nutrient), LCHN (Ambient 
CO2, High Nutrient), LCLN (Ambient CO2, Low Nutrient), OHN (Outside plot, High Nutrient), OLN (Outside plot, Low Nutrient). Data from 01/08/95 and 02/10/95 harvests, n > 18; 01/08/95 harvest, n = 8; 02/10/95 harvest, n > 10. p  values are shown for CO 2 (elevated CO 2 vs ambient CO2), Nutrient 
(high nutrient vs low nutrient), Interaction (CO2-nutrient interaction), Chamber (chamber vs no chamber). 
	
TREATMENT 	 p VALUES 
Variable 	HCHN 	HCLN 	LCHN 	LCLN OHN 	OLN 	CO2 	Nutrient 	Interaction Chamber 
Leaf area] 2280 1350 1720 986 1631 1158 0.0078 0.0001 0.4682 0.0938 Sapwood area ±161 ±107 ±215 ±83.6 ±144 ±84.9 ** *** 
Leaf dry mass/ 219 113 143 83.6 144 98.4 0.0046 0.0102 0.7149 0.0445 Sapwood area ± 15.5 +8.54 +13.6 ± 5.4 + 10.2 + 5.9 ** * * 
Leaf DM/ 1.28 0.79 1.02 0.64 1.01 0.63 0.2794 0.0025 0.7121 0.4694 stem DM ±0.17 ±0.15 ±0.27 ±0.27 ±0.14 ±0.06 ** (01/08/95) 
Leaf DM/ 1.05 0.75 0.73 0.54 0.91 0.61 0.1324 0.0002 0.9649 0.2713 stem DM +0.11 +0.06 +0.09 +0.04 +0.10 +0.04 ** (02/10/95) 
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At the high nutrient addition rate trees had consistently smaller stem : leaf ratios 
when compared to the low nutrient addition rate. At the 02/10/95 harvest, the stem: 
leaf ratios at the high nutrient addition rate were 27 % smaller (at elevated CO 2 
concentrations) and 22 % smaller (at ambient CO2 concentrations) than the stem 
leaf ratios at the low nutrient addition rate. A smaller stem : leaf ratio implies 
proportionately more leaf dry mass per unit of stem dry mass. 
Leaf nutrients 
Results for leaf nutrient analysis are shown in Table 3.10 (01/08/95 harvest) and 
Table 3.11(02/10/95 harvest). Tables 3.10 and 3.11 show results for leaf nitrogen, 
phosphorus, potassium, calcium and magnesium concentration (mg.g') and on a leaf 
area basis (mg.m 2). 
Leaf nutrient concentration (mg.g'). 
There was a significant effect of CO 2 treatment on leaf nitrogen and magnesium 
concentration (p < 0.05) but not on leaf phosphorus, potassium or calcium 
concentration at the 0 1/08/95 harvest. At elevated CO 2 concentrations trees had an 
average of 25 % less leaf nitrogen and 26 % less leaf magnesium than at ambient 
CO2 concentrations. These differences in leaf nitrogen and magnesium concentration 
with CO2 treatment were no longer present by the 02/10/95 harvest, and there were 
still no differences in the leaf phosphorus, potassium or calcium concentration. 
There were significant differences between the low and high nutrient addition rates 
for all nutrients at both harvests (01/08/95 harvest, p < 0.05; 02/10/95 harvest, p < 
0.0001). At the 02/10/95 harvest trees at the low nutrient addition rate had an 
average of 32 % less leaf nitrogen, 38 % less leaf phosphorus and 43 % less leaf 
potassium than at the high nutrient addition rate. For the same harvest at the low 
nutrient addition rate trees had an average of 78 % more leaf calcium and 30 % more 
leaf 	magnesium 	than 	at 	the 	high 	nutrient 	addition 	rate. 
83 
Table 3.10. Leaf nutrient concentrations, 01/08/95 harvest. Leaf nitrogen (mg.g'), leaf phosphorus (mg.g'), leaf potasium (mg.g), leaf calcium 
(mg.g'), leaf magnesium (mg.g'), leaf nitrogen per unit leaf area (g.m 2), leaf phosphorous per unit leaf area (g.m 2), leaf potasium per unit leaf area 
(g.m 2), leaf calcium per unit leaf area (g.m 2)and leaf magnesium per unit leaf area (g.m 2). All figures ± one standard error. HCHN (Elevated CO2 , 
High Nutrient; n = 6), HCLN (Elevated CO2, Low Nutrient; n = 6), LCHN (Ambient CO2, High Nutrient; n = 6), LCLN (Ambient CO2, Low Nutrient; n 
= 6), OHN (Outside plot, High Nutrient; n = 8), OLN (Outside plot, Low Nutrient; n = 6). p  values are shown for CO 2 (elevated CO 2 vs ambient CO 2), 
Nutrient (high nutrient vs low nutrient), Interaction (CO 2-nutrient interaction), Chamber (chamber vs no chamber). 
TREATMENT p VALUES 
Variable HCHN HCLN LCHN LCLN OHN OLN CO2 Nutrient Interaction Chamber 
Mass Basis 
(Mg-g") 
N 13.5 8.1 14.9 13.7 17.2 11.9 0.0096 0.0001 0.0290 0.9049 
± 1.1 ±0.3 ±0.6 ±0.9 ±0.7 ±0.1 ** * 
P 1.0 0.67 0.12 0.96 1.4 0.732 0.1988 0.0043 0.2539 0.9833 
±0.2 ±0.05 ±0.18 ±0.09 ±0.2 ±0.03 ** 
K 9.3 4.3 9.8 8.2 10.0 6.5 0.1345 0.0033 0.5641 0.5485 
±0.2 ±0.3 ±1.2 ±0.9 ±0.9 ±0.7 ** 
Ca 5.3 8.4 5.8 10.2 6.8 9.1 0.2945 0.0005 0.5893 0.9878 
±0.6 +1.0 ±0.9 ± 1.1 ±0.9 ±0.2 ** 
Mg 1.6 2.8 2.4 3.4 2.7 0.2878± 0.0358 0.0121 0.2333 0.6371 
+0.2 +0.4 +0.07 +0.3 +0.4 0.0242 * * 
Area Basis 
(g.m 2) 
N 124.9 62.4 369.2 124.3 173.7 92.5 0.2346 0.6358 0.8159 0.2238 
+11.0 ±53 +26.4 +16.1 ± 13.1 +10.6 
P 8.9 5.2 34.7 8.8 13.7 5.7 0.2359 0.6131 0.8997 0.2065 
±0.6 ±0.6 ±2.6 +1.6 ± 1.5 ±0.6 
K 82.5 33.0 282.9 74.4 99.6 52.1 0.2365 0.6506 0.9294 0.2015 
±9.8 ±3.0 +213.9 +11.2 ±8.2 ±9.0 
Ca 49.4 63.0 103.6 92.7 67.6 70.2 0.1902 0.2676 0.5449 0.1943 
±7.8 ±7.1 +59.7 ± 15.1 ±8.9 ±8.1 
Mg 15.4 20.9 62.5 31.3 26.9 22.1 0.2224 0.7304 0.8082 0.2038 
±2.8 ±2.8 ±4.7 ±4.8 ±3.3 ±2.6 
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Table 3.11. Leaf nutrient concentrations, 02/10/95 harvest. Leaf nitrogen (mg.g'), leaf phosphorous (mg.g'), leaf potasium (mg.g5, leaf calcium 
(mg. g'), leaf magnesium (mg. g'), leaf nitrogen per unit leaf area (g.m 2), leaf phosphorous per unit leaf area (g.m 2), leaf potasium per unit leaf area 
(g.m 2), leaf calcium per unit leaf area (g.m 2)and leaf magnesium per unit leaf area (g.m 2). All figures ± one standard error. HCHN (Elevated CO2 , 
High Nutrient; n = 6), HCLN (Elevated CO2, Low Nutrient; n = 8), LCHN (Ambient CO2, High Nutrient; n = 6), LCLN (Ambient CO2, Low Nutrient; n 
= 8), OHN (Outside plot, High Nutrient; n = 8), OLN (Outside plot, Low Nutrient; n = 11). p  values are shown for CO 2 (elevated CO 2 vs ambient CO2), 
Nutrient (high nutrient vs low nutrient), Interaction (CO 2-nutrient interaction), Chamber (chamber vs no chamber). 
TREATMENT p VALUES 
Variable HCHN HCLN LCHN LCLN OHN OLN CO2 Nutrient Interaction Chamber 
Mass basis 
(Mg-g") 
N 11.6 8.9 15.7 10.9 17.5 10.4 0.0864 0.0001 0.0182 0.3455 
±0.8 ±0.6 +1.4 ±0.4 ± 1.1 ±0.4 * 
P 1.1 0.69 1.1 0.78 1.3 0.69 0.4911 0.0001 0.2295 0.8996 
±0.1 ±0.07 ±0.07 ±0.06 ±0.1 ±0.03 *** 
K 6.9 4.7 9.9 5.2 11.4 5.9 0.0872 0.0001 0.0168 0.8797 
±0.3 ±0.5 ±0.8 ±0.4 ±0.9 ±0.4 *** * 
Ca 6.3 8.9 4.9 9.4 4.6 9.2 0.8946 0.0001 0.2873 0.5704 
±09 ±0.6 ±0.7 ±0.6 ±0.4 ±0.5 *** 
Mg 2.3 2.9 2.6 3.4 2.7 3.4 0.1909 0.0001 0.8542 0.7382 
±0.2 ±0.1 ±0.3 ±0.3 ±0.1 ±0.1 *** 
Area basis 
(g.m 2) 
N 110.6 69.3 132.3 88.9 153.1 95.4 0.2357 0.0001 0.5949 0.1701 
+10.9 ±3.5 +18.4 ±4.8 ± 13.7 ±9.2 
P 10.8 5.5 9.0 6.4 11.4 6.4 0.9041 0.0001 0.4282 0.6958 
± 1.5 ± 0.6 ± 0.9 tO.6 ± 1.1 ±0.7 
K 65.2 36.3 80.7 43.1 99.4 51.9 0.1510 0.0001 0.1558 0.5035 
±2.2 ±6.2 ±5 ±9.5 ±2.7 *** 
Ca 60.5 71.6 41.6 75.8 40.2 82.6 0.5722 0.0001 0.0843 0.9693 
+10.5 +6.5 +7.3 +4.4 +4.8 +6.2 *** 
Mg 21.6 23.3 21.436 27.9 23.5 31.3 0.3466 0.0362 0.5340 0.1285 
±2.9 +1.6 ±3.2 ±2.3 +1.7 ±3.5 * 
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There was a significant interaction (p < 0.05) between CO2 treatment and nutrient 
treatment on leaf nitrogen and leaf potassium concentration. There were no 
significant differences in nutrient concentration in open top chambers and the outside 
plot. 
The average relative mass of each nutrient when compared to nitrogen over the two 
harvests (01/08/95 and 02/10/95) were 100 (N) : 7.6 (P) : 59.7 (K) : 57.5 (Ca): 21.4 
(Mg). 
Leaf nutrient concentration expressed on a leaf area basis. 
At 01/08/95 there were no significant differences between CO2 or nutrient treatment 
for any nutrient when concentration was expressed on a leaf area basis. However, by 
02/10/95 the differences between the high and low nutrient treatments in leaf 
nitrogen, phosphorus, potassium and calcium concentration were highly significant 
(p'< 0.0001). Leaf magnesium (mg.m 2) concentration was also significantly 
different between nutrient treatments (p < 0.05). Leaf nitrogen, phosphorus and 
potassium concentration were reduced at the low nutrient addition rate when 
compared to the high nutrient addition rate, while leaf calcium and magnesium 
concentration were increased by the lower nutrient addition rate. At 02/10/95 there 
were still no significant differences between CO2 treatments for any nutrient. 
Root nutrients 
Results for analysis of root nutrient concentration (mg.g') are shown in Table 3.12 
(0 1/08/95 harvest) and Table 3.13 (02/10/95 harvest). 
At 01/08/95 there were no significant differences in root nitrogen concentration 
between CO2 treatments, but by the 02/10/95 a difference in root nitrogen 
concentration had developed (p < 0.05) at elevated CO2 concentrations and at the 
high nutrient addition rate trees showed 23 % less root nitrogen than at ambient CO2 
concentrations and at the high nutrient addition rate. This difference was not present 
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Table 3.12. Root nutrient concentration, 01/08/95 harvest. Root nitrogen, phosphorus, potassium, calcium and magnesium concentration (mg.g'). All 
figures ± one standard error. HCHN (Elevated CO2, High Nutrient; n = 6), HCLN (Elevated CO2, Low Nutrient; n = 7), LCHN (Ambient CO2, High 
Nutrient; n = 6), LCLN (Ambient CO2, Low Nutrient; n = 6), OHN (Outside plot, High Nutrient; n = 6), OLN (Outside plot, Low Nutrient; n = 6). p 
values are shown for CO 2 (elevated CO2 vs ambient CO2), Nutrient (high nutrient vs low nutrient), Interaction (CO 2-nutrient interaction), Chamber 
(chamber vs no chamber). 
TREATMENT p VALUES 
Variable HCHN HCLN LCHN LCLN OHN OLN CO2 Nutrient Interaction Chamber 
N 14.4 8.9 12.9 8.5 12.1 7.5 0.0975 0.0001 0.6776 0.0762 
±0.7 ±03 ±0.9 ±03 ± 1.1 ±0.5 
P 1.7 1.02 1.7 1.02 1.6 0.8 0.7144 0.0001 0.6710 0.2451 
±0.1 ±0.06 ±0.15 ±0.05 ±0.05 ±0.03 
K 14.7 9.4 11.8 9.2 10.9 9.2 0.1605 0.0009 0.3330 0.6309 
±1.2 ±0.5 ±1.8 ±0.7 ±0.9 ±0.5 ** 
Ca 2.2 2.2 2.1 2.2 2.1 2.4 0.9850 0.4300 0.9102 0.8003 
+0.2 +0.1 +03 +0.09 +0.2 +0.2 
Mg 2.1 2.8 1.9 3.3 2.2 2.9 0.2479 0.0017 0.5931 0.7580 
±0.2 ±0.1 ±0.03 ±0.2 ±0.4 ±0.4 ** 
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Table 3.13. Root nutrient analysis, 02/10/95 harvest. Root nitrogen, phosphorus, potassium, calcium and magnesium concentration (mg. g 1 ). All 
figures + one standard error. HCHN (Elevated CO2, High Nutrient; n = 6), HCLN (Elevated CO2, Low Nutrient; n = 6), LCHN (Ambient G02, High 
Nutrient; n = 6), LCLN (Ambient CO2, Low Nutrient; n = 6), OHN (Outside plot, High Nutrient; n = 6), OLN (Outside plot, Low Nutrient; n = 6). p 
values are shown for CO2 (elevated CO2 vs ambient CO2), Nutrient (high nutrient vs low nutrient), Interaction (CO2-nutrient interaction), Chamber 
(chamber vs no chamber). 
	
TREATMENT 	 p VALUES 
Variable 	HCHN 	HCLN 	LCHN 	LCLN OHN 	OLN 	CO2 	Nutrient 	Interaction Chamber 
N 10.7 7.6 13.9 7.4 13.2 7.7 0.0182 0.0001 0.0955 0.4293 
±0.9 ±0.6 ±0.9 ±0.3 ±0.9 ±0.4 * *** 
P 1.5 0.9 1.7 0.9 2.1 0.9 0.4672 0.0001 0.0037 0.6465 
±0.06 ±0.03 ±0.1 ±0.07 ±0.2 ±0.06 *** ** 
K 11.3 9.2 12.8 9.8 10.6 9.6 0.3986 0.0283 0.6347 0.4138 
+0.9 +0.6 +1.9 +0.7 +0.6 +0.3 * 
Ca 1.8 2.0 1.9 1.9 1.9 1.9 0.8132 0.6335 0.7539 0.3628 
±0.1 ±0.1 ±0.1 ±0.2 ±0.2 ±0.2 
Mg 1.6 3.1 1.4 2.4 1.7 2.7 0.2545 0.0001 0.2625 0.3913 
±0.08 ±0.36 ±0.17 ±0.2 ±0.2 ±0.2 *** 
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at the low nutrient addition rate. There were no significant CO2 treatment effects for 
root phosphorus, potassium, calcium or magnesium at either harvest. 
The effects of nutrient treatment were significant for root nitrogen and phosphorus 
concentration (p < 0.0001) and for potassium and magnesium concentration (p < 
0.05) at both harvests. At the low nutrient addition rate trees had an average of 39 % 
less root nitrogen, 48 % less root phosphorus, 17 % less root potassium and 74 % 
more root magnesium than at the high nutrient addition rate. There was an 
interaction effect between CO2 treatment and nutrient treatment for root phosphorus 
at the 02/10/95 harvest (p <0.05). There was no nutrient treatment effect on the root 
calcium concentration. 
Comparison of Tables 3.10 and 3.11 with Tables 3.12 and 3.13 show that nutrients 
were present in the leaf and root at different concentrations. On average root 
concentration when compared to shoot concentration was 19 % less for nitrogen, 35 
% more for phosphorus, 39 % more for potassium, 72 % less for calcium and 15 % 
less for magnesium. 
The average relative amounts of each nutrient when compared to the root nitrogen 
concentration were 100 (N): 12.6 (P): 102.9 (K): 19.9 (Ca) : 22.5 (Mg). 
Root: shoot nitrogen ratio 
Figures for root nitrogen concentration / leaf nitrogen concentration for both the 
01/08/95 and 02/10/95 harvests are shown in Table 3.14. There were no significant 
effects of nutrient treatment on the root :shoot nitrogen ratios at either harvest. 
However, there was a significant effect (p < 0.01) of CO2 treatment on the root 
shoot nitrogen ratio at the 01/08/95 harvest. At elevated CO2 concentrations trees 
had root nitrogen : leaf nitrogen ratios which were an average of 31 % larger than at 
ambient CO2 concentrations. A larger root nitrogen : leaf nitrogen ratio implies a 
relatively larger nitrogen concentration in the roots compared to the nitrogen 
concentration in the leaves. 
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Table 3.14. Root : shoot nitrogen and carbohydrate ratios. Root nitrogen (mg.g 1 ) / leaf nitrogen (mg.g 1 ) for 01/08/95 and 02/10/95 harvests (n = 5). 
Total root carbohydrate (mg.g') / total leaf carbohydrate (mg.g') for 01/08/95 and 02/10/95 harvests (n = 6). All figures one standard error. 
HCHN (Elevated CO 2, High Nutrient), HCLN (Elevated CO 2, Low Nutrient), LCHN (Ambient CO 2, High Nutrient), LCLN (Ambient CO2, Low 
Nutrient), OHN (Outside plot, High Nutrient), OLN (Outside plot, Low Nutrient). p values are shown for CO 2 (elevated CO2 vs ambient CO2), Nutrient 
(high nutrient vs low nutrient), Interaction (CO 2-nutrient interaction), Chamber (chamber vs no chamber). 
	
TREATMENT 	 p VALUES 
Variable 	HCHN 	HCLN 	LCHN 	LCLT'I OHN 	OLN 	CO2 	Nutrient 	Interaction 	Chamber 
01/08/95 
root N 1.09 1.13 0.87 0.66 0.72 0.62 0.0083 0.1496 0.3874 0.2745 
leaf N +0.09 +0.05 +0.10 +0.05 +0.08 +0.05 ** 
root carb. 0.32 0.31 0.28 0.39 0.50 0.46 0.9548 0.9280 0.5896 0.1354 
leaf carb. +0.05 +0.07 +0.07 +0.04 +0.16 +0.11 
02/10/95 
root  1.01 0.89 0.96 0.72 0.76 0.78 0.3376 0.2656 0.2821 0.6956 
leaf N +0.07 +0.11 +0.16 +0.04 +0.07 +0.05 
root carb. 0.29 0.55 0.30 0.38 0.33 0.38 0.5125 0.0399 0.0401 0.7539 leaf carb. +0.05 +0.09 +0.08 +0.06 +0.09 +0.06 * * 
Leaf carbohydrates 
Results for leaf carbohydrate analysis are presented in Table 3.15 (01/08/95 harvest) 
and Table 3.16 (02/10/95 harvest). There were no significant effects of CO2 
treatment on leaf sorbitol, glucose, fructose or sucrose concentration at either harvest, 
and no significant effect on leaf inositol concentration at the 02/10/95 harvest. CO2 
treatment did have a significant effect on leaf inositol at the 01/08/95 harvest (p < 
0.05) reducing the concentration from an average of 15.7 mg.g' at ambient CO2 
concentrations to an average of 13.8 mg.g 1 at elevated CO2 concentrations. 
Nutrient treatment had no significant effect on leaf fructose or sorbitol concentration 
at either harvest, and no significant effect on leaf inositol concentration at the 
01/08/95 harvest. There were significant effects of nutrient treatment on leaf sucrose 
(p < 0.001) and leaf glucose concentration (p < 0.05) at both harvests, and a 
significant effect on leaf inositol concentration (p < 0.001) at the 02/10/95 harvest. 
At the high nutrient addition rate trees had an average of 45 % more glucose, 143 % 
more sucrose and 36 % more inositol than at the low nutrient addition rate (02/10/95 
harvest). There was a significant interaction effect of CO2 treatment and nutrient 
treatment (p <0.01) on leaf glucose concentration (01/08/95 harvest). 
Root carbohydrates 
Root carbohydrate concentrations are shown in Table 3.17 (01/08/95 harvest) and 
Table 3.18 (02/10/95 harvest). There were no significant effects of CO2 treatment on 
root inositol, glucose, fructose and sucrose concentration at either harvest. The only 
significant effect of nutrient treatment was on root inositol concentration (01/08/95 
harvest, p  <0.01; 02/10/95 harvest, p < 0.001). At the final harvest, root inositol 
concentration was 42 % larger at the high nutrient addition rate than at the low 
nutrient addition rate. There were no nutrient treatment effects on root glucose, 
fructose and sucrose concentrations. 
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Table 3.15. Leaf carbohydrate concentration, 01/08/95 harvest. Leaf inositol, sorbitol, glucose, fructose and sucrose concentration (mg. g5.  All 
figures + one standard error. HCHN (Elevated CO2, High Nutrient; n = 6), HCLN (Elevated CO2, Low Nutrient; n = 7), LCHN (Ambient CO2, High 
Nutrient; n = 6), LCLN (Ambient CO2, Low Nutrient; n = 6), OHN (Outside plot, High Nutrient; n = 7), OLN (Outside plot, Low Nutrient; n = 6). p 
values are shown for CO2 (elevated CO2 vs ambient CU2), Nutrient (high nutrient vs low nutrient), Interaction (CO2-nutrient interaction), Chamber 
(chamber vs no chamber). 
	
TREATMENT 	 p VALUES 
Variable 	HCHN 	HCLN 	LCHN 	LCLN OHN 	OLN 	CO2 	Nutrient 	Interaction 	Chamber 
Inositol 14.1 13.5 16.2 15.1 17.3 15.5 0.0286 0.2566 0.8422 0.4084 
±0.8 +1.2 ±0.9 ±0.9 +1.2 +1.0 * 
Sorbitol 0.12 0.18 0.031 0.035 0.029 0.14 0.1508 0.3516 0.6594 0.4915 
+0.07 +0.08 +0.03 +0.04 +0.03 +0.07 
Glucose 7.2 7.7 18.0 4.9 4.9 4.5 0.1412 0.0152 0.0055 0.0346 
±0.8 ±1.8 ±4.4 ±1.3 ±0.8 ±1.1 * ** * 
Fructose 16,4 28.2 23.2 18.3 14.8 13.1 0.4152 0.5228 0.0793 0.0519 
±3.2 ±2.9 ±3.9 ±2.4 ±3.3 ±2.1 
Sucrose 47.2 27.9 51.4 25.7 41.9 21.6 0.6504 0.0007 0.7636 0.3249 
±9.4 ± 4.9 ±8.1 ±4.2 ±6.8 ±5.3 ** 
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Table 3.16. Leaf carbohydrate concentration, 02/10/95 harvest. Leaf inositol, sorbitol, glucose, fructose and sucrose concentration(mg.g 1 ). All 
figures ± one standard error. HCHN (Elevated CO2, High Nutrient; n = 6), HCLN (Elevated CO2, Low Nutrient; n = 6), LCHN (Ambient CO2, High 
Nutrient; n = 6), LCLN (Ambient CO2, Low Nutrient; n = 6), OHN (Outside plot, High Nutrient; n = 6), OLN (Outside plot, Low Nutrient; n = 6). p 
values are shown for CO2 (elevated CO2 vs ambient CO2), Nutrient (high nutrient vs low nutrient), Interaction (CO2-nutrient interaction), Chamber 
(chamber vs no chamber). 
TREATMENT p VALUES 
Variable HCHN HCLN LCHN LCLN OHN OLN CO2 Nutrient Interaction Chamber 
Inositol 15.9 14.5 20.7 12.7 21.1 15.6 0.1785 0.0008 0.2167 0.6400 
±0.6 +1.2 +1.8 ±0.9 ±0.7 ±0.1 ** 
Sorbitol 0.16 0.024 0.16 0.09 0.00 0.08 0.6643 0.7558 0.6661 0.2679 
±0.13 ±0.02 ±0.11 ±0.08 ±0.00 ±0.05 
Glucose 9.7 5.7 10.1 7.1 7.6 6.3 0.6494 0.0227 0.4559 0.1916 
±1.4 ±1.6 ±2.5 ±1.2 ±1.9 ±0.5 * 
Fructose 20.7 19.1 19.1 21.8 16.8 22.6 0.9954 0.7358 0.4227 0.8944 
±4.3 ±4.6 ±1.8 ±1.7 ±3.5 ±3.1 
Sucrose 47.9 14.1 33.3 18.9 24.2 11.4 0.4510 0.0006 0.0517 0.1642 
± 4 .9 ± 4.5 ±6.6 +1.6 ±4.4 ±2.9 ** 
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Table 3.17. Root carbohydrate concentration, 01/08/95 harvest. Root inositol, glucose, fructose and sucrose concentration (mg.g'). All figures ± one 
standard error. HCHN (Elevated G02, High Nutrient; n = 6), HCLN (Elevated CO2, Low Nutrient; n = 6), LCHN (Ambient CO2, High Nutrient; n = 6), 
LCLN (Ambient CO2, Low Nutrient; n = 6), OHN (Outside plot, High Nutrient; n = 6), OLN (Outside plot, Low Nutrient; n = 6). p  values are shown 
for CO2 (elevated CO 2 vs ambient CU2), Nutrient (high nutrient vs low nutrient), Interaction (CO 2-nutrient interaction), Chamber (chamber vs no 
chamber). 
TREATMENT p VALUES 
Variable HCHN HCLJV LCHN LCLN OHN OLN CO2 Nutrient Interaction Chamber 
Inositol 4.8 3.1 4.4 3.2 4.6 2.6 0.6630 0.0092 0.7752 0.6965 
±1.2 ±0.5 ±0.7 ±0.4 ±0.5 ±0.3 ** 
Glucose 4.3 4.5 6.1 4.4 6.2 4.6 0.3233 0.1992 0.7043 0.9222 
±0.7 ±1.3 ±1.5 ±1.1 ±1.9 ±1.2 
Fructose 4.1 3.2 6.3 4.6 5.9 3.7 0.0957 0.0651 0.6845 0.6746 
±0.6 ±1.1 ±1.7 ±0.7 ±1.9 ±1.2 
Sucrose 10.5 11.7 12.9 12.8 20.3 11.8 0.3800 0.2998 0.3226 0.2434 
±1.4 ±2.7 ±3.4 ±1.4 ±5.8 ±2.4 
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Table 3.18. Root carbohydrate concentrations, 02/10/95 harvest. Root inositol, glucose, fructose and root sucrose concentrations (mg.g'). All figures 
± one standard error. HCHN (Elevated CO2, High Nutrient; n = 6), HCLN (Elevated CO2, Low Nutrient; n = 6), LCHN (Ambient CO2, High Nutrient; 
n = 6), LCLN (Ambient CO2, Low Nutrient; n = 10), OHN (Outside plot, High Nutrient; n = 6), OLN (Outside plot, Low Nutrient; n = 7). p  values are 
shown for CO2 (elevated CO2 vs ambient CO2), Nutrient (high nutrient vs low nutrient), Interaction (CO2-nutrient interaction), Chamber (chamber vs no 
chamber). 
	
TREATMENT 	 p VALUES 
Variable 	HCHN 	HCLN 	LCHN 	LCLN OHN 	OLN 	CO2 	Nutrient 	Interaction 	Chamber 
Inositol 3.9 2.7 4.1 2.9 4.0 2.9 0.8746 0.0004 0.9652 0.8793 
±0.4 ±0.2 ±0.9 ±0.2 ±0.3 ±0.2 ** 
Glucose 3.6 5.1 3.8 3.8 2.1 4.3 0.6630 0.0704 0.4052 0.5631 
+0.9 +0.9 +0.9 +0.5 +0.3 ± 1.2 
Fructose 3.7 5.1 4.7 3.7 2.0 3.8 0.8978 0.3553 0.3020 0.2724 
+0.9 + 0.5 + 1.7 + 0.6 +0.7 +0.9 
Sucrose 15.1 15.2 13.2 13.1 13.3 10.8 0.4675 0.7591 0.8702 0.8079 
±2.1 ±2.2 ±4.1 ±1.8 ±3.9 ±1.6 
Root: shoot carbohydrate ratio 
Results for the total root carbohydrate / total leaf carbohydrate for both the 01/08/95 
and 02/10/95 harvests are presented in Table 3.14. There were no significant effects 
Of CO2 treatment on the root : leaf carbohydrate ratios at either harvest. By the time 
of the 02/10/95 harvest there was a significant difference (p < 0.05) in the root 
carbohydrate : leaf carbohydrate ratio between nutrient treatments, and a significant 
interaction effect (p <0.05) between CO 2 and nutrient treatments. The ratio of root 
leaf carbohydrate was 190 % larger at the low nutrient addition rate and at elevated 
CO2 concentrations when compared to the high nutrient addition rate and elevated 
CO2 concentrations. The differences between ambient CO 2 concentrations and the 
outside plot at the two different nutrient addition rates were much smaller (120 
A larger root carbohydrate : leaf carbohydrate ratio implies that there was a relatively 
larger root carbohydrate concentration compared to the leaf carbohydrate 
concentration. 
Starch concentration 
Results for leaf and root starch concentration are presented in Table 3.19 (10/08/95 
harvest), Table 3.20 (02/10/95 harvest) and Figures 3.9a and 3.9b. There were no 
significant effects of nutrient treatment on leaf starch concentration or leaf starch 
concentration expressed on a leaf area basis or on root starch concentration at either 
harvest. CO2 treatment had no significant effect on root starch concentration at either 
harvest and no significant effect on leaf starch concentration expressed on a leaf area 
basis at the 02/10/95 harvest. There were CO 2 treatment effects for leaf starch 
concentration and leaf starch concentratiom a leaf area basis at the 01/08/95 harvest 
(p <0.01) and for leaf starch concentration at the 02/10/95 harvest (p <0.05). At the 
01/08/95 harvest the elevated CO2 treatment had leaf starch concentrations which 
were 79 % larger (high nutrient addition rate) and 145 % larger (low nutrient addition 
rate) than the ambient CO 2 treatment. At the 02/10/95 harvest the elevated CO 2 
treatment had leaf starch concentrations which were 73 % larger (high nutrient 
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Table 3.19. Starch concentrations, 01/08/95 harvest. Leaf starch (mg.g5, leaf starch per unit leaf area (g.m 2), root starch (mg.g'). All figures ± one 
standard error. HCHN (Elevated CO2, High Nutrient; n = 5), HCLN (Elevated CO2, Low Nutrient; n = 5), LCHN (Ambient CO2, High Nutrient; n = 5), 
LCLN (Ambient CO2, Low Nutrient; n = 5), OHN (Outside plot, High Nutrient; n = 6), OLN (Outside plot, Low Nutrient; n = 5). p  values are shown 
for CO2 (elevated CO2 vs ambient CO2), Nutrient (high nutrient vs low nutrient), Interaction (CO 2-nutrient interaction), Chamber (chamber vs no 
chamber). 
	
TREATMENT 	 p VALUES 
Variable 	HCHN 	HCLN 	LCHN 	LCLN OHN 	OLN 	CO2 	Nutrient 	Interaction 	Chamber 
Leaf Starch 109.4 89.4 61.3 36.6 64.9 56.1 0.0087 	0.2461 	0.3733 	0.398 
(mg.g) +13.3 +2.4 ± 17.3 + 5.4 + 10.7 +23.9 ** 
Leaf starch 9.7 6.9 3.7 3.9 7.4 4.3 0.0079 	0.2065 	0.4035 	0.1846 
(g.m 2) +1.6 +1.9 +1.4 ± 1.3 +1.7 +1.4 ** 
Root Starch 20.1 26.6 30.3 30.9 25.6 22.9 0.1461 	0.7255 	0.8896 	0.1888 
(Mg-g-) ±5.2 ±5.0 ±8.2 ±4.6 +12.1 ±3.0 
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Table 3.20. Starch concentration, 02/10/95 harvest. Leaf starch (mg. g), leaf starch per unit leaf area (g.m 2), root starch (mg. g 1 ). All figures ± one 
standard error. HCHN (Elevated CO 2 , High Nutrient; n = 6), HCLN (Elevated CO2, Low Nutrient; n = 5), LCHN (Ambient CO 2, High Nutrient; n = 5), 
LCLN (Ambient CO2, Low Nutrient; n = 6), OHN (Outside plot, High Nutrient; n = 5), OLN (Outside plot, Low Nutrient; n = 5). p values are shown 
for CO2 (elevated CO 2 vs ambient CO2), Nutrient (high nutrient vs low nutrient), Interaction (CO 2-nutrient interaction), Chamber (chamber vs no 
chamber). 
	
TREATMENT 	 p VALUES 
Variable 	HCHN 	HCLN 	LCHN 	LCLN OHN 	OLN 	CO2 	Nutrient 	interaction Chamber 
Leaf Starch 121.7 77.5 70.6 30.3 50.4 33.8 0.0176 	0.2713 	0.7717 	0.8984 
(mg-g') ± 18.0 +40.6 +18.6 ±4.6 ±9.4 ±7.4 * 
Leaf starch 12.5 5.8 9.1 2.4 4.6 3.3 0.1529 	0.0961 	0.4064 	0.8831 
(g.m 2) +2.2 +2.9 +4.2 +0.4 +1.0 +0.8 
Root Starch 49.5 33.3 28.6 28.4 41.7 31.2 0.1437 	0.2159 	0.5256 	0.2344 
(mg-g') ±9.2 ±3.1 ± 9 . 3 ±6.2 ±8.7 ± 4.5 
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addition rate) and 156 % larger (low nutrient addition rate) than the ambient CO2 
treatment. 
Leaf starch concentration was consistently larger than root starch concentration 
although this difference was more pronounced at elevated CO2 concentrations (240 
% more leaf starch than root starch) than at ambient CO2 concentrations (69 % more 
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Figure 3.9. a) Leaf starch concentration (mg.g'). b) Root starch concentration (mg. g'). 
HCHN (elevated CO 2. high nutrient; n 5), HCLN (elevated CO-,, low nutrient; n 5), 
LCHN (ambient CO 2. high nutrient; n ~ 5), LCLN (ambient CO2. low nutrient; ii ~ 5), OHN 




The relations between assimilation rate and intercellular CO2 concentration are 
shown in Figure 3.10a. The data show that although there was no clear trend 
between CO2 treatments, at the high nutrient addition rate trees had higher maximum 
assimilation rates than at the low nutrient addition rate. The initial slope of the curve 
was also smaller at the lower nutrient addition rate. 
Values for the photosynthetic parameters Jm, Vcmax and Rd were obtained by fitting a 
model of leaf photosynthesis (Farquhar et al, 1980) to the measured gas exchange 
data (de Pury & Farquhar, 1997). 
Vcmax was determined from the slope of the A-C1 curve at CO2 concentrations of 50-
250 pmol.moi' while Jmax  was determined from the saturating portion of the curve at 
high CO2 concentrations (1000 imol.mol 1 ). These parameters were extracted by an 
optimisation procedure in which the parameters were adjusted to minimise the sums 
of squares of the residuals between observed and modelled assimilation values over a 
range of CO2 concentrations (de Pury & Farquhar, 1997). 
Using the parameter values obtained, fitted curves are shown in Figure 3. lOb. CO2 
treatment had no consistent effects on the A-C1 curve, although at the low nutrient 
addition rate trees had consistently lower maximum assimilation rates (Jm ) and 
initial slopes (V,.). There were no significant effects of CO2 treatment on any of 
the photosynthetic parameters while nutrient treatment affected all three (Table 3.21). 
The decreases in the potential rate of electron transport rate and in the photosynthetic 
Rubisco capacity at the lower nutrient addition rate are signs of downregulation of 






A 00 0 
AI 
A HCHN A HCLN 
a LCHN 0 LCLN 
0 OHN ® OLN 
0 	300 	600 	900 	1200 





















LCHN -- LCLN 
OHN OLN 
-5 
0 	300 	600 	900 	1200 
C1 (pmo1.moF 1 ) 
Figure 3.10. a) Asimilation rate (A, tmol.m 2.s 1 ) against intercellular CO 2 concentration 
(C1 , jimol.mol' measured on one fully expanded leaf on the leaders of each of five plants 
per treatment. b) Summary A- 1 curves for each treatment. Curves plotted from average 
J, and Rd values for each treatment (de Pury & Farquhar, 1997). 
HCHN (elevated CO 2, high nutrient), HCLN (elevated CO2 , low nutrient), LCHN (ambient 
CO2, high nutrient), LCLN (ambient CO 2, low nutrient), OHN (outside plot, high nutrient), 
OLN (Outside plot, low nutrient). Measurements made between the 24/07/95 and 29/07/95. 
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Table 3.21. Photosynthesis parameters. J1 	(tmoI.m2.s1) - the potential rate of electron transport rate per unit leaf area, V,, (tmol.m2.s1) - the 
photosynthetic Rubisco capacity per unit leaf area, Rd Qimol.m 2 .s5 - the mitochondrial respiration in the light, per unit leaf area. All figures ± one 
standard error. HCHN (Elevated CO 2, High Nutrient), HCLN (Elevated CO 2, Low Nutrient), LCHN (Ambient CO2, High Nutrient), LCLN (Ambient 
CO2, Low Nutrient), OHN (Outside plot, High Nutrient), OLN (Outside plot, Low Nutrient). Photosynthesis measurements made between the 24/07/95 
and 29/07/95 (n = 5). p  values are shown for CO 2 (elevated CO2 vs ambient CU2), Nutrient (high nutrient vs low nutrient), Interaction (CO2-nutrient 
interaction), Chamber (chamber vs no chamber). 
TREATMENT 	 p VALUES 
Variable 	HCHN 	HCLN 	LCHN 	LCLN OHN 	OLN 	CO2 	Nutrient 	Interaction Chamber 
Jn 99.4± 81.4± 118.0± 81.6± 101.0± 80.0± 	0.3863 0.0001 0.4856 	0.3207 
4.70 6.44 8.79 5.01 6.27 8.02 
V,,,. a,, 52.6± 35.0± 52.8± 43.2± 45.0± 37.0± 	0.6499 0.0077 0.7040 	0.3778 
7.85 2.41 5.77 6.32 3.33 3.51 ** 
Rd -0.7± -2.12± -1.32± -1.78± -2± -1.88± 	0.6130 0.0098 0.0394 	0.1726 
0.28 0.30 0.34 0.09 0.16 0.188 ** * 
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DISCUSSION 
Control of growth 
Photosynthesis 
Increases in dry mass found at elevated CO2 concentrations at both harvests were 
caused by larger rates of carbon uptake in elevated CO2 concentrations when 
compared to ambient CO2 concentrations. A large number of literature sources 
report that the rate of photosynthesis is increased by elevated CO2 concentrations 
(Mousseau & Saugier, 1992; Drake et at, 1997; Heath & Kerstiens, 1997). There 
was no evidence of downregulation of photosynthesis by elevated CO2 
concentrations despite lower leaf nitrogen concentrations at elevated CO2 
concentrations. However, there was a significant effect of nutrient addition on the 
photosynthetic capacity. Significant reductions in the size of Jmax  and Vmax at the low 
nutrient addition rate indicate downregulation of photosynthesis. The assimilation 
rate at the high nutrient addition rate was considerably higher than at the low nutrient 
addition rate and this is reflected by the large impacts of nutrient treatments on dry 
mass. 
These observations support the current view which suggests that many of the 
experimental results which showed downregulation of photosynthesis at elevated 
CO2 concentrations were confounded by limiting nutrient supply (Sage, 1994), and, 
that at optimal nutrition there should be no downregulation of photosynthesis (Tissue 
et at, 1993; Sage, 1994; Thomas et al, 1994). 
Although some authors have suggested that starch accumulation is responsible for 
downregulation at elevated CO2 concentrations (Mousseau & Saugier, 1992), the 
results of biochemical analysis in this study suggest that this was not the case. 
Elevated CO2 concentrations caused an increase in starch concentration with no 
downregulation whereas the low nutrient addition rate was not associated with an 
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increase in starch concentration and did reduce the photosynthetic capacity. The 
evidence from this study suggests that reduced nutrient concentrations of the leaves 
was responsible for downregulation. Mousseau & Saugier (1992) reviewed possible 
causes of downregulation and noted that a decrease in leaf nitrogen is likely to reduce 
the amount of Rubisco available for photosynthesis. Reductions in Rubisco activity 
are commonly found in trees which have downregulated photosynthesis (El Kohen & 
Mousseau, 1994; Tissue et al, 1996). Conroy et al (1990) suggest that a phosphorus 
limitation may reduce photosynthesis through a reduced Ribulose bisphosphate 
regeneration capacity. 
Capture of resources - C & N 
Growth was controlled in part by the rate of uptake of carbon and nitrogen. Increased 
rates of carbon uptake led to an increase in the dry mass of trees at elevated CO2 
concentrations when compared to ambient CO2 concentrations. Reports of increases 
in dry mass at elevated CO2 concentrations when compared to ambient CO2 
concentrations are widespread in the literature (Johnsen, 1993; Zak et al, 1993; El 
Kohen & Mousseau, 1994; Gorissen, 1996; Delucia et a!, 1997). 
The relative growth rates were different between CO2 treatments during the first part 
of the growth season but were the same between the last two harvests. Thus the 
differences in dry mass at the time of the final harvest are attributable to the initial 
period of growth, but not to the period of growth between the later two harvests. 
Since the relative growth rates were the same for all the treatments during the latter 
part of the season, the plants had probably acclimated to the various nutrient and CO2 
treatments. This is a pattern which has been observed in a number of experiments 
(Townend, 1995; Rey & Jarvis, 1997; Tissue et a!, 1997; Centritto, 1998) although 
some have argued that it is an artefact of limiting nutrient supply (Mousseau & 
Saugier, 1992). There is good evidence that nutrient availability was not limiting in 
the high nutrient supply treatment, and any limitation on growth must therefore have 
been either from shortage of a different resource or from predetermined ontogenetic 
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growth patterns. During the later part of the growing season, low PPFD could have 
become a major limiting variable for all treatments. 
Increases in nutrient availability were also responsible for increased growth. At the 
high nutrient addition there was a highly significant increase in total dry mass and the 
dry mass of all aboveground components. Linder & Rook (1984) discuss the 
importance of nutrient supply in its control of growth and Ingestad (1982) has 
described a well known relationship between the rate of supply of nutrients and the 
relative growth rate of trees. 
At the higher nutrient addition rate there were significantly increased concentrations 
of soluble leaf and root carbohydrates although they were not increased at elevated 
CO2 concentrations. King et al (1997) found that root carbohydrates were unaffected 
by elevated CO2 concentrations, while Lewis et al (1994) reported a significant 
increase in the total non-structural carbohydrates of plants grown at elevated CO2 
concentrations. Kinney et al (1997) found that the responses of simple carbohydrates 
to CO2  concentration were variable and suggest that foliar accumulations of 'dynamic 
metabolites' are less predictable than of stable end products such as starch. In this 
experiment, starch concentrations were increased by elevated CO 2 concentrations. 
Was the model used to calculate nutrient addition appropriate? 
A comparison of the harvest biomass figures and the predicted total dry mass figures 
for plants grown at the high nutrient addition rate reveals a very close match. Plants 
grown at the high nutrient addition rate were supplied with approximately four times 
the predicted optimal nutrient addition rate. Even allowing for a substantial 
proportion of the applied nutrient not coming into contact with the tree roots, nutrient 
limitation is not likely to have permitted such a close match between the observed 
and predicted dry masses. The similarities between the predicted and observed 
biomass at both harvests suggest that the model used (Habib, Millard & Proe, 1993) 
was appropriate for the determination of the optimal nutrient addition rate. 
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Leaf growth 
The CO2 effect on total dry mass was mainly the result of large changes in leaf dry 
mass. At elevated CO2 concentrations leaf dry mass increased by approximately 45 
% when compared to ambient CO2 concentrations which was substantially more than 
the increase in total dry mass. The total plant leaf area and total number of leaves per 
plant were unaffected by CO 2 treatment at either harvest. Many studies have shown 
increases in the total leaf area, although this has not been found for all species (Norby 
& O'Neill, 1991; El Kohen, Venet & Mousseau, 1993; Kerstiens & Hawes, 1994). 
Increases in dry mass were therefore wholly attributable to increases in the rate of 
assimilation and not to increases in the area of assimilating leaf. However, there 
were also no significant changes in the specific leaf area and these seemingly 
contradictory pieces of information can only be explained in terms of the statistics. 
The fact that neither the leaf area nor the specific leaf area showed a significant result 
is the result of high variability in both factors and a sample size which was too small 
to reveal a significant difference. 
Leaf number, total leaf area and leaf mass were highly significantly affected by the 
nutrient treatment. The total leaf area and number of leaves per tree were smaller at 
the low nutrient addition rate than at the high nutrient addition rate but there was no 
difference in the specific leaf area. The large increases in growth at the high nutrient 
addition were therefore attributable to larger assimilation rates per unit of leaf area 
and to a larger total leaf area. El Kohen et al (1992) found similar results in sweet 
chestnut trees. 
Root growth 
One of the most interesting observations was that the root dry mass did not vary 
significantly between either CO2 or nutrient treatment. Other experiments which 
have shown an effect of elevated CO2 concentrations on growth have tended to show 
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changes in root growth as well as in shoot growth (Norby, 1994; Hodge, 1996; 
Jackson & Reynolds, 1996; King et al, 1996; Arnone, 1997). Mackie-Dawson et al 
(1995) found that root growth of sycamore seedlings was increased by a generous 
nitrogen supply and that significantly more root growth occurred in well fertilised 
trees than in nitrogen deficient trees. The main difference in the methodologies is 
that in the experiment reported here, the addition rates of all the macro and 
micronutrients were varied simultaneously whereas Mackie-Dawson et al (1995) 
limited only nitrogen availability. The discrepancy between these two results 
suggests that it is the availability of the combination of nutrients that is important in 
determining the observed growth pattern (see Ericsson, 1995). 
Allocation 
Control of allocation 
CO2 treatment only significantly affected leader allocation. In contrast nutrient 
treatment had a large effect on allocation to the leaf, leader and root. This confirms 
that nutrient availability exerts a large control on allocation and suggests that CO2 
concentration does not have a large influence on allocation in this species. This is 
consistent with results presented by Ericsson (1995) and Baxter et al (1997) who 
found that allocation was changed by nutrient treatments but not by CO2 treatments. 
Many experiments have shown shifts in allocation at elevated CO2 concentrations 
and these changes have tended to include an increase in root allocation (Lindroth et 
al, 1993; Silvola & Ahlholm, 1993; Murray et al, 1996). However, Lindroth et al 
(1993) stress that elevated CO2 concentrations have very species specific effects on 
allocation. In a study of three species the root: shoot ratios of aspen were increased, 
of oak were decreased and were not changed in maple. 
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Functional balance 
In this experiment, the directions of the shifts in allocation between nutrient 
treatments were consistent with the functional balance hypothesis (Brouwer, 1962; 
Cannell & Dewar, 1994). However, the lack of response in allocation to CO2 
treatments, despite large differences in dry mass, was contrary to the predictions of 
the functional balance hypothesis. Any relative changes in allocation between the 
belowground and aboveground portions of the tree were all the result of changes in 
the growth of the aboveground components, because there were no changes in root 
growth in any treatment. Trees controlled their use of resources primarily 
aboveground. For example, trees which have a lower nutrient uptake reduce the 
amount of total biomass by reducing the growth of the aboveground portions and 
therefore increasing the relative allocation to the belowground portion - which is an 
effect similar to that predicted by the functional balance hypothesis. Similarly, trees 
with a larger rate of nutrient uptake increase the amount of leaf growth and therefore 
reduce the relative allocation to the belowground portions. 
There were differences in the ratio of root nitrogen : shoot nitrogen and root 
carbohydrate : shoot carbohydrate ratios between treatments. At elevated CO2 
concentrations the root nitrogen leaf nitrogen ratios were larger than at ambient CO 2 
concentrations suggesting that there was a relative shift of nitrogen to the roots at 
elevated CO 2 concentrations. The root carbohydrate : shoot carbohydrate ratio was 
increased by the lower nutrient addition rate, suggesting that at the low nutrient 
addition rate carbohydrate is preferentially re-located to the roots. These 
observations indicate an increased root allocation at higher CO2 concentrations and 
when there is a lower nutrient availability which is consistent with the functional 
balance hypothesis. The inflexibility of root growth between treatments suggests that 
there may have been an increase in rhizosphere deposition through increased 
exudation and fine root turnover. Rouhier et al (1994) propose that rhizodeposition 
could be included in root allocation because resulting increases in mycorrhizal 
association and soil microbial activity can increase water and nutrient uptakes. 
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Physical support 
Relative increases and decreases in allocation to the branch component could be 
attributed to the need for physical support by the leaf biomass (Cannel! & Dewar, 
1994). By the time of the last harvest, allocation to the leader dry mass also varied 
alongside the leaf dry mass, which is consistent with the hypothesis that the leader 
also has a role in physical support of the leaf biomass. It is common for the number 
of branches per tree to be increased at elevated CO2 concentrations (Sionit et al, 
1985; Conroy et al, 1992; Silvola & Ahlholm, 1993) although in this experiment 
there was no increase in the number of branches per tree. 
Phenology 
Korner (1995) emphasises the importance of developmental responses which may be 
more important than the effects of CO2 concentration per Se. For example, in this 
experiment, over the period of the growing season plants grown at both nutrient 
addition rates had the same potential number of branches. However, the plants 
grown at low nutrient addition rates were slower to fulfil this capacity than those 
grown at the high nutrient addition rate. Branch growth occured at different times 
during the growing season at the different nutrient addition rates. The nutrient 
treatments had an effect on the temporal spacing of developmental stages and this 
demonstrates the importance of phenological timing on observed allocation patterns. 
These differences in timing of growth were also apparent in the timing of new height 
growth. In elevated CO2 concentrations, growth was initially faster than in ambient 
CO2 concentrations, but stopped sooner, so that by the end of the experiment there 
were no significant differences in height between the CO2 treatments. Murray et al 
(1996) also found that Sitka spruce seedlings in elevated CO2 concentrations had a 
higher leader extension rate in the summer which declined more rapidly in the 
autumn than in ambient CO2 concentrations. 
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Although there were changes in many measured variables between the two last 
harvests, it is impossible to know whether these were because of predetermined 
phenological patterns of growth (Gedroc et al, 1996) or because the trees had not 
reached an equilibrium at the time of the august harvest. For example, the decreases 
in root : shoot ratios for all treatments during the final period of growth may have 
been ongoing adjustments to the relative availability of carbon and nutrients not a 
seasonal difference at all. 
Impact of elevated CO2 concentrations 
Ceulemans & Mousseau (1994) review the literature to obtain an average increase in 
biomass for deciduous trees of 63 % with a doubling of atmospheric CO 2 
concentrations. The response of the sycamore trees in this experiment was 
approximately 24 % and it is therefore a smaller than average stimulation of growth 
at elevated CO 2 concentrations. 
Elevated CO2 concentrations increased the aboveground dry mass but did not affect 
the belowground dry mass. There was a decrease in the root: shoot ratio at elevated 
CO2 concentrations when compared to ambient CO 2 concentrations which is an 
atypical response (Mouseau & Saugier, 1992; Lindroth et al, 1993; Silvola & 
Ahlholm, 1993; Murray et al, 1996). 
There is almost always a reduction in tissue nitrogen concentration at elevated CO2 
concentrations (Conroy, 1992; Cotrufo et al, 1994; Johnson et al, 1995; Cotrufo & 
meson, 1996; Ball, 1997; Bernston & Bazzaz, 1997; Kinney et al, 1997) and this was 
also found in the results of this experiment. The decrease in tissue nitrogen and 
magnesium cannot be accounted for solely in terms of a dilution effect caused by an 
increased concentration of soluble carbohydrate and starch (see Johnson et al, 1997) 
because there were no associated decreases in the concentrations of other nutrients at 
elevated CO2 concentrations. 
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In line with many other studies of trees grown at elevated CO2 concentrations, leaf 
starch concentration was found to increase markedly (Huber et a!, 1984; Rozema, 
1993; Kinney et al, 1997; Will & Ceulemans, 1997). 
The pipe model. 
By the time of the last harvest elevated CO2 concentrations had significantly reduced 
leader allocation and there were reductions in the sapwood area : leaf area and 
sapwood area: leaf dry mass ratios. These observations support the hypothesis that 
elevated CO2 concentrations would reduce the sapwood cross-sectional area : leaf 
area ratio because of an increase in the water use efficiency. Increases in water use 
efficiency have been reported by many authors (Norby & O'Neill, 1991; Johnson, 
1993; Ingestad, 1996; Lethiec & Dixon, 1996; Drake et a!, 1997). Because one of the 
main functions of the stem is as a conduit for water transport between the roots and 
leaves, one might expect that this increased water use efficiency would influence the 
relative allocation between leaves and stem. Assuming that the transpiration per unit 
leaf area is reduced, the cross-sectional area of water conducting sapwood could 
support relatively more leaf area. 
Role of nutrition 
In this experiment the effects of nutrition were large when compared to the effects of 
elevated CO2 concentration. Lower nutrient availability reduced the concentration of 
all leaf nutrients and this lowered the photosynthetic capacity. Nearly all 
morphological characteristics were affected by nutrient treatment and importantly 
there was a reduction in the total leaf area at lower rates of nutrient supply. The 
combined effects of reduced assimilation and total leaf area led to large differences in 
the dry mass of all components except the root between nutrient treatments. 
There was an increase in the stem to leaf ratio at the lower nutrient addition rate and 
this supports the hypothesis that at low nutrient availability trees invest their 
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resources in stem tissues which are less nitrogen demanding than other tree 
components. 
Increases in starch accumulation at elevated CO2 concentrations were more 
pronounced at the low nutrient addition rate than at the high nutrient addition rate. 
The accumulation of starch in the leaves of trees grown at elevated CO2 
concentrations is thought to reflect a supply which is larger than the demand, 
resulting in a stockpiling of excess carbohydrates. The demand is reduced in trees 
which are grown at lower nutrient addition rates because for growth, nutrients are 
required in proportion to the assimilated carbohydrates. 
The combined effects of CO2 and nutrients 
At the end of the experiment there were significant interactions between CO 2 and 
nutrient treatments on the leaf dry mass, total aboveground dry mass and total dry 
mass. This is because elevated CO 2 concentration and high nutrient addition rate 
combined in a synergistic way to enhance dry mass production. This is consistent 
with other studies in which the CO 2 concentration and nutrient addition rate were 
varied together (Kerstiens et al, 1995; Silvola & Ahlholm, 1995; Kinney & Lindroth, 
1997). These results suggest that the trees could take more advantage of the elevated 
CO2 concentration when nutrients were not limiting. The results also demonstrate 
the importance of controlling or at least knowing the nutrient addition rate and the 
rate at which nutrients are made available through decomposition processes and 
oxidation of soil organic matter. It is difficult to compare results between 
experiments where such a crucial factor is not accounted for. 
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CONCLUSIONS 
• Elevated CO2  concentrations significantly increased the leaf dry mass and total 
dry mass as a result of an increase in assimilation rate and a tendency for a larger 
total leaf area. There was no evidence of downregulation of photosynthesis at 
elevated CO2 concentrations. 
• Nutrition was an important control of growth. Low nutrient availability reduced 
the nutrient concentration of leaves which led to a decrease in photosynthetic 
capacity and a smaller total leaf area. These factors combined to have a strong effect 
on dry mass accumulation. 
• CO2  treatments had only small effects on allocation, which were not consistent 
with the functional balance hypothesis. In contrast, nutrient treatments had 
pronounced effects on allocation and these effects were consistent with predictions of 
the functional balance hypothesis. 
o There were no differences in root growth between any treatments, and changes in 
allocation were completely mediated through changes in the tree components of the 
aboveground portion. 
• There were phenological differences in the responses of trees in the different 
treatments. There was evidence that some growth processes were temporally 
separated despite there being no overall difference in growth at the end of the year. 
• There were significant shifts in allocation between the leaves and stem between 
CO2 and nutrient treatments. Elevated CO 2 concentrations reduced the relative stem 
allocation while low nutrient availability increased it. 
• There were interactive effects of CO 2 concentration and nutrient availability 
which highlight the importance of the multifactorial approach to analysing the 
impacts of elevated CO 2 concentrations on tree growth. 
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Chapter 4 
THE EFFECT OF ELEVATED CO 2 
AND WATER AVAILABILITY ON GROWTH AND 
ALLOCATION OF PEACH (Prunuspersica) SEEDLINGS 
INTRODUCTION 
It is well established that raising the atmospheric concentration of CO 2 increases the 
carbon assimilation rate of trees (Eamus & Jarvis, 1989; Mousseau & Saugier, 1992; 
Luxmoore et al, 1993; Drake et al, 1997; Heath & Kerstiens, 1997). The amount of 
assimilated carbon potentially available to growth is increased and many experiments 
have reported a larger biomass at elevated CO 2 concentrations than at ambient CO 2 
concentrations (Eamus & Jarvis, 1989; Conroy, 1992; Ceulemans & Mousseau, 
1994; Tissue et al, 1997). 
The observed increases in biomass at elevated CO 2 concentrations have often been 
associated with changes in the relative allocation of dry mass between tree 
components (Ceulemans & Mousseau, 1994). At elevated CO 2 concentrations trees 
have shown a tendency to grow proportionately more root and less shoot than at 
ambient CO2 concentrations (Rogers et al, 1992). However, in experiments where 
nutrients were supplied optimally, these changes in allocation pattern between the 
aboveground and belowground biomass were no longer observed (Tolley & Strain, 
1984; Mousseau & Enoch, 1989; Mousseau & Saugier, 1992; Pettersson & 
McDonald, 1992; Pettersson et al, 1993). 
In elevated CO 2 concentration experiments, the differences in allocation between 
trees which have been grown at optimal nutrition and those which have been grown 
at sub-optimal nutrition have highlighted the importance of the combined effects of 
CO2 concentration and nutrient availability on tree growth, biomass allocation and 
physiology. A useful concept for interpreting these observations is the functional 
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balance hypothesis which states that the amount of tissue capable of CO 2 fixation 
will be balanced with the amount of tissue capable of nutrient uptake. The relative 
balance between root and shoot depends on the rate of CO 2 uptake by the 
photosynthesising tissue, the rate of nutrient uptake by the roots and on the ratio of 
use of carbon and nitrogen in tree tissue (Brouwer, 1962; Cannel! & Dewar, 1994). 
Water is another essential resource for tree growth. The functional balance 
hypothesis is also appropriate for describing the relative balance between 
aboveground and belowground tree dry mass in relation to water availability and use 
(Cannell & Dewar, 1994) because the acquisition of water and carbon are highly 
dependent on each other. The balance between the relative size of the root and shoot 
depends on the rate of uptake of water by the roots, the rate of uptake of carbon by 
the shoots and on a coefficient which describes the ratio of use of water and carbon in 
the tree. 
Varying CO2 concentrations and water availability provides useful tools to study 
changes in allocation because changing them causes the assimilation rate of carbon 
by the shoot and the uptake rate of water by the root to be perturbed and may result in 
a shift in allocation between the leaves and roots. 
There is evidence that the ratio of use of water and carbon is also changed at elevated 
CO2 concentrations when compared to ambient CO2 concentrations (Eamus, 1991). 
In experiments, the leaf stomatal conductance (g) at elevated CO 2 concentrations has 
usually been lower than g s at ambient CO 2 concentrations (Eamus, 1991; Field et al, 
1995; Liang et al, 1995; Drake et al, 1997). Trees grown at elevated CO 2 
concentrations can achieve the same internal partial pressure of CO 2 with a reduced 
stomatal conductance. An unchanged or higher intercellular CO 2 concentration 
coupled with smaller stomatal conductance reduces water loss per unit of CO 2 
assimilated and increases water use efficiency (WUE)(Eamus, 1991; Drake et al, 
1997). Increasing water use efficiency may reduce the total amount of water lost in 
transpiration per unit of leaf area and hence reduce the relative amount of root 
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required and lead to a relative shift in allocation away from the roots. However, an 
increase in water use efficiency may be the result of increases in the assimilation rate 
(A) which are not matched by increases in the rate of water uptake by the root, 
resulting in a relative shift in allocation towards the root. 
An increase in water use efficiency may change the optimal allocation between 
leaves and stem. Assuming that the stem satisfies the function of mechanical support 
for the leaves, its main role is in conducting water between the roots and the leaves. 
If the transpiration per unit area of leaf is reduced, then a unit cross sectional area of 
water conducting sapwood could support relatively more leaf area. 
Trees grown in conditions of low water availability may change their allocation 
patterns as a result of indirect effects. Even when nutrients are supplied optimally, 
their uptake may be impossible in conditions of low water availability. The transfer 
of nutrients from rhizosphere into the root is dependent on the presence of water. A 
shift in allocation to the roots in conditions of low water availability may, therefore, 
be caused by the effects of low nutrient uptake rate. 
Trees in dry soils may suffer indirectly from symptoms caused by low nutrient 
availability. It has often been shown that at elevated CO 2 concentrations trees reduce 
their capacity for assimilation (Wullschleger, 1993; Stirling et al, 1997). This 
downregulation of photosynthesis has been attributed to nutrient limitations which 
result in either a detrimental build up of starch and carbohydrate or a reduction in the 
amount of photosynthetic protein (Arp, 1991; Mousseau & Saugier, 1992; Sage, 
1994). 
A number of studies have found increases in allocation of mass to branches at 
elevated CO 2 concentrations (Sionit et al, 1985), while others have found none 
(Pettersson & McDonald, 1992). Similarly some researchers have found increases in 
allocation to stems (Tolley & Strain, 1984; Conroy et al, 1986) while others have not 
(Pettersson & McDonald, 1992). An increase in stem and branch mass may be 
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necessary to support physically an increase in leaf dry mass (Cannell & Dewar, 
1994), although this increase is likely to be proportional to the increase in leaf dry 
mass. 
Growth at elevated CO2 concentrations may lead to changes in phenology (Murray et 
al, 1994) and ontogeny, which manifest themselves as shifts in allocation. Elevated 
CO2 concentrations which lead to an increase in the assimilation rate may lead to a 
more rapid maturation and development (Farrar & Williams, 1991). 
The effects of elevated CO2 concentrations and water availability on tree growth, 
allocation and physiology are of importance to predict changes in vegetation growth 
as a result of increased atmospheric CO2 concentrations. Atmospheric CO2 
concentrations are predicted to double to approximately 700 pmol.moF' by the mid 
to late 21st century and continue to rise at a rate of approximately 1.2 j.tmol.mor 1 .yr 1 
(Conway et al, 1988). Models predict that this increase in CO2 concentrations may 
be accompanied by a rise in temperature and a decrease in precipitation and soil 
moisture over Southern Europe (Houghton et al, 1990). Peach is an important 
agricultural crop in Southern Europe, where it is often subject to summer droughts. 
In the experiment presented in this chapter, one-year-old peach seedlings were grown 
in six open top chambers (three with ambient CO2 concentrations of 350 tmo1.moi 1 , 
and three with elevated CO2 concentrations of ambient plus 350 imol.mo1) and an 
outside plot in a glasshouse at The University of Edinburgh (see Chapter 2, Materials 
and Methods). Nutrients were applied at supra-optimal levels throughout the 
experiment. Water was withheld from half the trees in each treatment for a four 
week drying cycle (low water treatment) while the remaining trees were maintained 
at field capacity (high water treatment). The aim of this experiment was to determine 
the combined effects of CO2 concentration and water availability on the growth and 




The dry mass of the different tree components and the total aboveground and total 
dry mass are shown in Table 4.1 (26/05/94 harvest), Table 4.2 (24/06/94 harvest) and 
Figure 4.1. At the time of the 26/05/94 harvest there were no significant (p <0.05) 
dry mass differences between any treatments. Stem, branch, leaf, total aboveground, 
total root, and total dry mass were unaffected by CO2 concentration or by growth 
inside the chambers. 
Table 4.1. Peach dry mass, 26/05/94 harvest. Total dry mass (g), total above ground dry 
mass (g), leader dry mass (g), branch dry mass (g), leaf dry mass (g), total root dry mass (g), 
total root dry mass/shoot dry mass and total root dry mass/leaf dry mass. All figures + one 
standard error. HC (Elevated CO2; n = 3), LC (Ambient CO2; n = 3), 0 (Outside plot; n = 
3). p  values are shown for CO2 (elevated CO2 vs ambient CO2) and Chamber (chamber vs 
no chamber). 
TREATMENT 	 p VALUES 
Variable 	HC 	LC 	0 	CO2 	Chamber 
Total DM 89.3 77.8 68.3 0.3543 0.3280 
+13.6 +6.3 +8.9 
Above 69.9 61.7 53.2 0.3584 0.2362 
ground DM +9.7 + 5.7 + 6.2 
Leader 14.8 11.4 9.7 0.3393 0.5171 
±2.5 ±1.6 ±1.8 
Branch 18.3 16.4 16.7 0.5159 0.9358 
± 4 .9 ±1.6 ±1.1 
Leaf 36.6 33.8 26.7 0.5767 0.1264 
±3.1 ±3.3 
Total root 19.4 16.1 15.1 0.3672 0.6746 
± 3 .9 ±0.8 ±2.8 
Root DM I 0.27 0.26 0.28 0.6801 0.6587 
shoot DM +0.02 +0.02 +0.03 
Root DM 0.52 0.48 0.56 0.5047 0.4279 
leaf DM +0.07 +0.04 +0.04 
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However, by the time of the 24/06/94 harvest CO2 treatment had a significant effect 
(p <0.05) on the dry mass of all componentss with the exception of fine roots. There 
were much larger differences (p < 0.0001) in the biomass of all components between 
trees grown at field capacity and those subjected to the drying cycle. At elevated CO 2 
concentrations and at field capacity trees had dry masses which were 51% larger for 
stem, 26 % larger for branches, 24 % larger for leaves, 52 % larger for coarse roots 
and 25 % larger for fine roots than at ambient CO2 concentrations and at field 
capacity. For trees subjected to the drying cycle the magnitudes of the increases in 
dry mass between ambient CO 2 concentrations and elevated CO 2 concentrations were 
52 % for stem, 51 % for branches, 26 % for leaves, 60 % for coarse roots and 89 % 
for fine roots. On average, trees grown at field capacity had dry masses which were 
77 % larger for stem, 72 % larger for branches, 50 % larger for leaves, 55 % larger 
for coarse root and 173 % larger for fine root than those of trees subjected to the 
drying cycle. At elevated CO 2 concentrations trees had a total dry mass which was 
39 % larger than that at ambient CO2 concentrations. In comparison irrigation 
treatment had more effect, with trees grown at field capacity having a total dry mass 
which was 67 % larger than the total dry mass of trees subjected to the drying cycle. 
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Table 4.2. Peach dry mass, 24/06/94 harvest. Total dry mass (g), total above ground dry mass (g), leader dry mass (g), branch dry mass (g), leaf dry 
mass (g), coarse root dry mass (g), fine root dry mass (g) fine root dry mass/shoot dry mass and fine root dry mass/leaf dry mass. All figures one 
standard error. HCHW (Elevated CO 2, High Water; n = 5), HCLW (Elevated CO2, Low Water; n = 5), LCHW (Ambient CO2, High Water; n = 5), 
LCLW (Ambient CO2, Low Water; n = 5), OHW (Outside plot, High Water; n = 5), OLW (Outside plot, Low Water; n = 5). p  values are shown for CO2 
(elevated CO 2 vs ambient CO 2), Water (wet treatment vs dry treatment), Interaction (CO 2-water interaction), Chamber (chamber vs no chamber). 
	
TREATMENT 	 p VALUES 
Variable 	HCHW 	HCLW 	LCHW 	LCLW OHW 	OLW 	CO2 	Water 	Interaction Chamber 
Total DM 184.7 117.2 137.2 77.4 139.7 84.7 0.0025 0.0001 0.7691 0.7304 
±6.6 ±4.6 +10.6 ±6.1 ±8.9 ±4.1 ** 
Above 138.6 89.0 105.0 61.5 107.1 66.7 0.0058 0.0001 0.7989 0.8253 
ground DM ± 4 .5 ±3.9 ±8.5 ±4.8 ±7.6 ±3.5 ** 
Leader 35.4 20.0 24.6 13.5 22.2 12.8 0.0061 0.0001 0.0333 0.3675 
+0.6 +2.0 ± 1.5 + 2.0 +1.4 ± 1.5 ** * 
Branch 44.9 29.4 34.1 19.7 36.9 19.3 0.0364 0.0001 0.7298 0.7555 
±3.2 ±2.9 ±3.8 ±2.3 ±3.6 ± 1.5 * *** 
Leaf 58.3 39.5 46.2 28.3 47.8 34.5 0.0484 0.0001 0.7715 0.4882 
±3.9 ±2.9 ±3.9 ±2.6 ±3.0 +1.9 * *** 
Coarse root 31.1 20.8 18.6 12.0 22.4 14.0 0.0019 0.0001 0.6550 0.1657 
+2.3 ± 1.1 +2.1 +1.3 +13 ± 1.1 ** *** 
Fine root 14.8 7.3 13.5 3.7 10.2 3.9 0.1124 0.0001 0.5188 0.3367 
± 1.2 ±0.5 ±2.7 ±03 ±0.4 ±03 *** 
F. root DM/ 0.107 0.082 0.125 0.062 0.097 0.061 0.4764 0.0006 0.2633 0.3384 
shoot DM +0.009 +0.006 +0.016 ± 0.007 +0.006 +0.009 ** 
F. root DM / 0.259 0.189 0.286 0.134 0.217 0.120 0.2868 0.0001 0.2103 0.3251 
leaf DM ±0.026 ±0.021 ±0.039 ±0.010 ±0.013 ±0.019 *** 
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Figure 4. 1. Mean allocation of dry mass to peach stem, branch, leaf and root fractions. HC (elevated CO,), LC (ambient CO 2), 0 (Outside plot), 
HCHW (elevated CO,, high water), HCLW (elevated CO,, low water), LCHW (ambient CO,, high water), LCLW (ambient CO 2 , low water), OHW 
(outside plot, high water), OLW (outside plot, low water). Harvest 1, 26/05/94 (n = 3); Harvest 2, 24/06/94 (n = 5). Bars ± one standard error for 
aboveground and belowground dry mass. 
121 
Figure 4.2 shows data used in estimating the dry mass of trees harvested on the 
24/06/94 at the time of the 26/05/94 harvest. The best predictor of dry mass was 
found to be tree height multiplied by tree basal diameter which gave an r 2 of 0.885 
(Figure 4.2a). Figure 4.2b shows bars for the average values of total dry mass at both 
harvests (26/05/94 and 24/06/94) and for the estimates of total dry mass of trees 
harvested at 24/06/94 at the time of the first harvest (26/05/94). Figure 4.2b shows 
that there were no significant differences between the estimates of dry mass for the 
trees harvested at the 24/06/94 harvest at the time of 26/05/94 harvest and the trees 
which were harvested at the 26/05/94 harvest. The estimates of dry mass for each 
tree were used to calculate the relative growth rate R. 
(log W,— log W I ) 
t2 - t l 
where R is the relative growth rate, W2 is the dry mass measurement made at t2 and 
W 1 is an estimate of the dry mass of the tree at t1. 
Table 4.3 shows the mean relative growth rate (%.day') for each treatment and 
Figure 4.3 shows the average tree biomass plotted on logarithmic scales for both the 
24/06/94 harvest and for the mean estimate of tree mass at the time of the 25/06/94 
harvest. The slopes of the lines are equivalent to the relative growth rates shown in 
Table 4.3. Although there were no significant differences (p < 0.05) between the 
relative growth rates at elevated CO2 concentrations when compared to those at 
ambient CO concentrations, R was consistently smaller at ambient CO2 
concentrations than at elevated CO2 concentrations regardless of irrigation treatment. 
The significant differences in dry mass between CO2 treatments exhibited at the 
24/06/94 harvest must be the result of small (insignificant) differences in the dry 
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Figure 4.2. a) Relationship of (plant height x basal diameter) with total dry mass (n = 39). 
DM = 0.0764.(height x basal diameter) + 4.318; r 2 = 0.885. b) The relationship shown in 
figure 2.a) was used to estimate the dry mass of plants which were harvested at H2 (Harvest 
2; 24/06/95) at the time of Hi (Harvest 1; 26/05/94). The average dry mass is shown for 
harvest 1 and harvest 2 for comparison. All bars ± one standard error. HCHW (elevated 
G02, high water), HCLW (elevated CO 2 , low water), LCHW (ambient CO 2, high water), 
LCLW (ambient CO2 , low water), OHW (outside plot, high water), OLW (outside plot, low 
water). Harvest 1, n = 3; Harvest 2, n = 5. 
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In contrast, the relative growth rates of trees subjected to the drying cycle were highly 
significantly different (p < 0.0001) from those grown at field capacity. Trees 
subjected to the drying cycle had values of T which were an average of 67 % 
smaller than those of trees grown at field capacity. The large differences in dry mass 
between irrigation treatments are directly attributable to the difference in the relative 
growth rates between the two harvests. 
Dry mass allocation 
At the time of the initial harvest (26/05/94) there were no significant effects (p < 
0.05) of any treatment on the dry mass allocated to the leader, branch, leaf and root 
fractions of the tree (Figure 4.4a and Table 4.4). 
Table 4.4. Allocation of dry mass, 26/05/94 harvest. Leader dry mass, branch dry mass, 
leaf dry mass and root dry mass as percentages of total dry mass. All figures ± one 
standard error. HC (Elevated CO2 ; n = 3), LC (Ambient CO2; n = 3), 0 (Outside plot; n = 
3). p  values are shown for CO 2 (elevated CO 2 vs ambient CO2) and Chamber (chamber vs 
no chamber). 
TREATMENT 	 p VALUES 
Variable 	HC 	LC 	0 	CO2 	Chamber 
Leader 17.2 14.7 13.9 0.3541 0.6552 
±2.8 ±1.2 ±1.04 
Branch 19.9 21.01 24.9 0.5298 0.1754 
±2.5 ±0.4 ±2.1 
Leaf 41.6 43.5 39.3 0.5144 0.3090 
±2.8 ±1.9 ±0.4 
Root 21.4 20.9 21.8 0.6832 0.6681 
±1.4 ±1.2 ±1.5 
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Despite large differences in the dry mass of the different tree components at the time 
of the 24/06/94 harvest, there were only minimal changes in allocation between all 
treatments (Table 4.5 and Figure 4.4). Considering the magnitude of the changes in 
dry mass between treatments, the differences in allocation are remarkably 
conservative. CO 2 treatment had a significant effect (p  <0.05) on allocation to the 
leaf dry mass. At elevated CO2 concentrations trees allocated an average of 4 % less 
to leaf dry mass than at ambient CO 2 concentrations. Allocation to the leader, 
branches, coarse roots and fine roots were unaffected by CO 2 treatment. Irrigation 
treatment significantly affected allocation to leaf dry mass and to fine root dry mass 
(p <0.01). Trees subjected to the drying cycle allocated an average of 4 % more to 
leaves when compared to trees grown at field capacity. Allocation to fine roots was 3 
% less for trees subjected to the drying cycle than for those grown at field capacity. 
There were no significant differences (p <0.05) in allocation to the leader, branches 
and coarse root between trees grown at field capacity and those subjected to the 
drying cycle. 
Root : shoot ratio 
There were no significant differences (p <0.05) between any treatment in the root 
shoot ratio at the time of the 26/05/94 harvest (Table 4.1). Figures for the root 
shoot ratio for the 24/06/94 harvest were calculated on the basis of fine roots as this 
is the root fraction which is of importance in the functional balance hypothesis (Table 
4.2). There was no significant effect of CO 2 treatment on the fine root: shoot ratio. 
However, irrigation treatment did have a significant effect (p <0.001) on the fine 
root : shoot ratio. This ratio was smaller for the trees subjected to the drying cycle 
than for the trees which were grown at field capacity. This can be explained in terms 
of their relative increase in allocation to the leaves and relative decrease in allocation 
to the fine roots. 
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Table 4.5. Allocation of dry mass, 24/06/94 harvest. Leader dry mass, branch dry mass, leaf dry mass, coarse root dry mass and fine root dry mass as 
percentages of total dry mass. All figures ± one standard error. HCHW (Elevated CO 2, High Water; n = 5), HCLW (Elevated CO2, Low Water; n = 
5), LCHW (Ambient CO2, High Water; n = 5), LCLW (Ambient CO2, Low Water; n = 5), OHW (Outside plot, High Water; n = 5), OLW (Outside plot, 
Low Water; n = 5). p  values are shown for CO 2 (elevated CO 2 vs ambient CO2), Water (wet treatment vs dry treatment), Interaction (CO 2-water 
interaction), Chamber (chamber vs no chamber). 
TREATMENT p VALUES 
Variable HCHW HCLW LCHW LCLW OHW OLW CO2 Water Interaction Chamber 
Leader 19.3 17.3 18.2 17.9 15.9 15.3 0.5709 0.7277 0.3718 0.1747 
±0.8 ±1.9 ±0.9 ±3.2 ±0.7 ±1.8 
Branch 24.3 25.03 24.6 25.1 26.2 22.8 0.7746 0.6270 0.1006 0.9486 
±1.4 ±2.1 ±1.1 ±1.8 ±1.1 ±0.9 
Leaf 31.5 33.6 33.7 36.6 34.3 40.6 0.0422 0.0044 0.3852 0.2224 
+1.6 ± 1.3 +1.2 ± 1.8 ±03 ±0.7 * ** 
Coarse root 16.8 17.7 13.9 15.4 16.1 16.5 0.0864 0.8658 0.8501 0.1581 
+0.7 +0.6 +13 +0.8 +0.6 +0.8 
Fine root 8.05 6.2 9.6 4.9 7.4 4.8 0.6727 0.0009 0.2623 0.3006 

























Figure 4.4. Percentage of dry mass allocated to leader, branch, leaf and root. a) 26/05/94 
harvest, n = 3. b) 24/06/94 harvest, n = 5. HC (elevated CO2), LC (ambient CU 2), U 
(outside plot), HCHW (elevated CO 2, high water), HCLW (elevated CO2, low water), 
LCHW (ambient CO 2, high water), LCLW (ambient CO2, low water), OHW (outside plot, 
high water), OLW (outside plot, low water). All bars ± one standard error. 
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Root: leaf ratio 
Results for the root : leaf ratio (26/05/94 harvest, Table 4.1) and fine root : leaf ratio 
(24/06/94 harvest, Table 4.2) are also presented as arguably the relative amount of 
leaf dry mass is of greater importance to the functional balance hypothesis than the 
relative proportion of the entire shoot (leaf dry mass + branch dry mass + stem dry 
mass). There were no significant differences (p < 0.05) in the root : leaf ratios 
between any treatment at the 26/05/94 harvest. The fine root : leaf ratio was also 
unaffected (p < 0.05) by CO2 treatment at the 24/06/94 harvest, although it was 
highly significantly affected (p < 0.0001) by irrigation treatment. These large 
differences in the fine root : leaf ratio at the 24/06/94 harvest can be attributed to the 
relative decrease in fine root and relative increase in leaf dry mass for trees subjected 
to the drying cycle when compared to those grown at field capacity. 
Morphological features 
Table 4.6 (26/05/94 harvest) and Table 4.7 (24/06/94 harvest) summarise results for 
the mean total leaf area (cm 2),  mean total number of leaves per tree, mean specific 
leaf area (SLA, m 2.kg'), average leaf area / number of leaves per tree, average tree 
height (cm), average number of primary and secondary branches per tree and average 
basal diameter (mm). 
Leaf area 
There were no significant differences (p < 0.05) in leaf area at the 26/05/94 harvest 
between any treatment, and leaf area was unaffected by CO 2 treatment at the 
24/06/94 harvest. However, leaf area was significantly affected (p < 0.0001) by 
irrigation treatment. Trees watered at field capacity had leaf areas which were an 
average of 68 % larger than those of trees which were subjected to the drying cycle. 
Trees which were subjected to the drying cycle did not increase their leaf areas 
between the 26/05/94 and 24/06/94 harvests. 
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Table 4.6. Morphological features, 26/05/94 harvest. Average leaf area (cm 2 per tree), 
average number of leaves per tree, specific leaf area (m 2 .kg'), average leaf area/number of 
leaves per tree, average tree height, average number of primary branches per tree, average 
number of secondary branches per tree and average basal diameter. All figures ± one 
standard error. HC (Elevated CO2; n = 3), LC (Ambient CO2; n = 3), 0 (Outside plot; n = 
3). p  values are shown for CO2 (elevated CO2 vs ambient CO2) and Chamber (chamber vs 
no chamber). 
TREATMENT 	 p VALUES 
Variable 	HC 	LC 	0 	CO2 	Chamber 
Leaf area 6160 7160 6140 0.3136 0.3117 
(cm) ±590 ±340 ±860 
Number of 640 780 770 0.2314 0.7885 
leaves +80 +60 +60 
SLA 7.05 9.3 8.9 0.0114 0.8109 
±0.6 ±0.4 ±0.1 * 
Leaf area 9.80 9.19 7.91 0.8330 0.3297 
Leaf number ±0.8 ±0.2 ±0.6 
Height (cm) 100.0 91.7 84.7 0.0832 0.1026 
±2.2 ±3.4 ±3.2 
Number of 22.7 23.7 19.00 0.8033 0.3922 
branches 1° ± 1.8 ± 3 .3 ±2.1 
Number of 10.30 17.00 21.3 0.0534 0.1582 
branches 2° + 5.2 +3.5 + 2.3 
Basal diam. 10.2 11.1 10.3 0.3934 0.3103 
(nun) +0.6 +03 +0.4 
Leaf number 
The mean total number of leaves per tree was unaffected by any treatment at the 
26/05/94 harvest. At the 24/06/94 harvest, the number of leaves per tree was not 
affected by CO2 treatment, but was significantly affected (p < 0.001) by irrigation 
treatment. Trees which were subjected to the drying cycle consistently had a smaller 
number of leaves per tree than those grown at field capacity. Trees watered at field 
capacity had large increases in number of leaves per tree between the two harvests, 
while those that were subject to the drying cycle showed no significant change in the 
total number of leaves per tree. 
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Table 4.7. Morphological features, 24/06/94 harvest. Average leaf area (cm 2  per tree), average number of leaves per tree, specific leaf area (m 2.kg'), 
average leaf area / number of leaves per tree, average tree height, average number of primary branches per tree, average number of secondary branches 
per tree and average basal diameter. All figures ± one standard error. HCHW (Elevated CO2, High Water; n = 5), HCLW (Elevated CO2, Low Water; 
n = 5), LCHW (Ambient CO2, High Water; n = 5), LCLW (Ambient CO2, Low Water; n = 5), OHW (Outside plot, High Water; n = 5), OLW (Outside 
Plot, Low Water; n = 5). p  values are shown for CO2 (elevated CO2 vs ambient CO2), Water (wet treatment vs dry treatment), Interaction (CO2-water 
interaction), Chamber (chamber vs no chamber). 
	
TREATMENT 	 p VALUES 
Variable 	HCHW 	HCLW 	LCHW 	LCLW OHW 	OLW 	CO2 	Water 	Interaction Chamber 
Leaf area 11200 6760 10800 6430 11010 6570± 0.9192 0.0001 0.9758 0.9673 
(cm 2) ±530 ±420 ±940 ±680 ±640 310 
Number of 1140 865 1240 760 1300 953 0.6689 0.0003 0.6666 0.1337 
leaves ±90 ±32 ±97 ±68 ±40 ±108 ** 
SLA 6.09 5.8 7.9 8.3 7.9 7.8 0.0002 0.9632 0.8870 0.4687 
±0.1 ±0.3 ±0.2 ±0.5 ±0.4 ±0.3 ** 
Leaf area 9.9 7.8 8.8 8.4 8.5 7.1 0.8461 0.0220 0.4424 0.1475 
Leaf number + 0.5 +0.4 +0.5 +0.3 +0.4 +0.6 * 
Height (cm) 141.6 122.8 126.4 104.8 114.6 93.6 0.0136 0.0001 0.9655 0.0748 
+1.7 ±7.5 ±3.9 ±6.5 ± 4.3 ±3.4 * 
Number of 27.8 23.6 30.4 22.2 30.2 22.6 0.9759 0.0005 0.9606 0.7642 
branches 1° +3.3 +2.7 +0.8 ± 1.8 +2.4 ± 1.3 ** 
Number of 18.4 13.4 21.8 10.8 29.2 18.6 0.3745 0.1369 0.7161 0.0745 
branches 2' ±5.3 ± 4 .9 ±5.7 ±3.7 ± 4 .3 ±3.1 
Basal diam. 15.9 12.31 14.81 11.24 15.12 11.40 0.2451 0.0001 0.7718 0.5892 
(mm) +0.2 +0.4 +0.9 +0.4 +0.4 +0.8 *** 
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Specific leaf area 
The specific leaf area (SLA, m 2. kg') was significantly affected (p <0.05) by CO2 
treatment at both the 26/05/94 and 24/06/94 harvests. The SLA at the 26/05/94 
harvest was an average of 29 % larger at ambient CO2 concentrations than at elevated 
CO2 concentrations. At the 24/06/94 harvest the SLA was an average of 34 % larger 
at ambient CO2 concentrations than at elevated CO2 concentrations. A larger SLA 
implies that the leaves were relatively less heavy per unit of leaf area, while a smaller 
SLA implies that the leaves were relatively heavier per unit of leaf area. There were 
no significant effects of irrigation treatment on the SLA. 
Leaf area / leaf number 
The total leaf area / total leaf number was unaffected by any treatment at the 26/05/94 
harvest. At the 24/06/94 harvest, leaf area / leaf number was unaffected by CO2 
treatment but was significantly affected by irrigation treatment. Trees watered at 
field capacity had consistently larger values for leaf area / leaf number than those 
which were subjected to the drying cycle. A higher leaf area / leaf number ratio 
implies that the average individual leaf area was relatively larger. 
Branch number 
The number of branches per tree were split into the mean number of primary 
branches per tree and the mean number of secondary branches per tree. Primary 
branches emerge from the main stem while secondary branches emerge from primary 
branches. There were no significant effects of any treatment on either primary or 
secondary branch number at the 26/05/94 harvest or on the number of secondary 
branches at the 24/06/94 harvest. The number of primary branches at the 24/06/94 
harvest was not significantly affected by CO2 treatment but was significantly affected 
(p <0.001) by the irrigation treatment. Trees subjected to the drying cycle grew 30 
% less branch than those watered at field capacity. The number of primary branches 
per tree only increased between the two harvests for trees grown at field capacity. 
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Mean tree height 
Mean tree height was not affected by any treatment at the 26/05/94 harvest. By the 
time of the final harvest (24/06/94), there was a significant difference (p <0.05) in 
tree height between CO2 treatments and a significant effect (p <0.0001) of irrigation 
treatment on tree height. At the 24/06/94 harvest, trees were taller at elevated CO2 
concentrations than at ambient CO 2 concentrations, and trees which were grown at 
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Figure 4.5. Mean tree height during the growing season. HCHW (Elevated CO 2. High 
Water), HCLW (Elevated CO 2, Low Water), LCHW (Ambient CO2, High Water), LCLW 
(Ambient CO2, Low Water), 011W (Outside plot, High Water), OLW (Outside plot, Low 
Water). Between DOY 55 and DOY 87 n > 14. Between DOY 88 and DOY 145 n > 13. 
Between DOY 146 and DOY 175 n = 5. All points ± one standard error. 
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Figure 4.5 shows the increase in mean tree height for each treatment over the 
growing season. The original small differences in tree height at the start of the 
growing season are magnified over the length of the season. At elevated CO 2 
concentrations trees were taller than at ambient CO 2 concentrations from day of year 
120 onwards, although this difference did not become significant until much later in 
the season. At ambient CO 2 concentrations and in the outside plot trees had very 
similar heights over the whole growing season. The differences between heights of 
trees grown at field capacity and those subjected to the drying cycle became apparent 
at day of year 145 and became more marked over time. Trees subjected to the drying 
cycle did grow during the period of the drying cycle although not as fast as those at 
field capacity. 
134 
Figure 4.6 shows the mean rate of leader extension (mm.day) and Figure 4.7 shows 
the mean relative rate of leader extension (L) over the period of the growing season. 
= (log h2 - log h1 ) 
t2 - t i  
where L is the relative rate of leader extension, h2 is the second height measurement 
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Figure 4.6. Mean rate of leader extension (mm.day) during the growing season. HCHW 
(Elevated CO 2, High Water), HCLW (Elevated CO 2, Low Water), LCHW (Ambient CO 2 , 
High Water), LCLW (Ambient CO2, Low Water), OHW (Outside plot, High Water), OLW 
(Outside plot, Low Water). Between DOY 55 and DOY 87 n > 14. Between DOY 88 and 
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Figure 4.7. Mean relative rate of leader extension (%.day') during the growing season. 
HCHW (Elevated CO2, High Water), HCLW (Elevated CO2, Low Water), LCHW (Ambient 
CO2, High Water), LCLW (Ambient CO2, Low Water), OHW (Outside plot, High Water), 
OLW (Outside plot, Low Water). Between DOY 55 and DOY 87 n > 14. Between DOY 88 
and DOY 145 n > 13. Between DOY 146 and DOY 175 n = 5. All points ± one standard 
error. 
While the absolute rate of leader extension shows that at elevated CO2 concentrations 
trees did grow faster than at ambient CO 2 concentrations and that these in turn grew 
faster than in the outside plot, the plot of relative rate of leader extension reveals that 
these differences in absolute growth rate may just be the result of initial small 
differences in height between the treatments. There is no evidence that the mean 
relative leader extension rate is higher at elevated CO2 concentrations than at ambient 
CO2 concentrations or in the outside plot. However, differences in both the mean 
rate of leader extension and in the mean relative rate of leader extension between 
trees grown at field capacity and trees which were subjected to the drying cycle 
demonstrate that the differences in height between irrigation treatments were not the 
result of initial small differences between treatments. 
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Basal diameter 
There were no significant differences (p < 0.05) in basal diameter between any 
treatments at the 26/05/94 harvest. At the 24/06/94 harvest there were still no 
differences between CO2 treatments, although there were highly significant 
differences (p <0.0001) in basal diameters between irrigation treatments. By the end 
of the experiment trees grown at field capacity had basal diameters which were an 
average of 31 % larger than those of trees which were subjected to the drying cycle. 
Figure 4.8 shows the increase in basal diameter for each treatment over the period of 
the experiment. Basal diameter growth was much faster towards the end of the 
growing season. At elevated and ambient CO2 concentrations there were no 
differences in basal diameter at any point during the growing season. There was a 
divergence of basal diameters between irrigation treatments which is apparent at the 
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Figure 4.8. Mean basal diameter (mm) over the growing season. HCHW (Elevated CO 2 , 
High Water), HCLW (Elevated CO2, Low Water), LCHW (Ambient CO2, High Water), 
LCLW (Ambient CO 2, Low Water), OHW (Outside plot, High Water), OLW (Outside plot, 
Low Water). Between DOY 55 and DOY 145 n > 13. DOY 175 n = 5. All points ± one 
standard error. 
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Leaf area I sapwood cross-sectional area 
There were no significant differences in the leaf area / sapwood area ratio (Table 
4.8). The similarity of this ratio between treatments indicates that there were no 
differences in proportion between leaf area and sapwood cross-sectional area despite 
differences in the absolute figures for leaf area and basal diameter between irrigation 
treatments. 
Leaf dry mass / sapwood cross-sectional area 
Leaf dry mass / sapwood cross-sectional area was unaffected by CO 2 or irrigation 
treatment at both harvests (Table 4.8). The constancy of this ratio suggests that there 
were no differences in the proportional allocation between leaf dry mass and stem 
cross-sectional area between treatments. 
Leaf: stem ratio 
Results for the leaf : stem ratio (total leaf dry mass / total stem dry mass (g.g')) at 
both the 26/05/94 and 24/06/94 harvests are presented in Table 4.8. There were no 
significant differences (p < 0.05) in the stem : leaf ratio for any treatment. The 
relative allocation between leaf dry mass and stem dry mass was constant regardless 
of treatment. 
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Table 4.8. Leaf-stem allometry. Leaf area / sapwood cross-sectional area (m2 M-2) (26/05/94 & 24/06/94 harvests), leaf dry mass / sapwood cross-
sectional area (kg.m 2) (26/05/94 & 24/06/94 harvests), leaf dry mass / stem dry mass (g.g') Hi (26/05/94 harvest) and leaf dry mass / stem dry mass 
(g.g) H2 (24/06/94 harvest). All figures ± one standard error. HCHW (Elevated CO2, High Water), HCLW (Elevated CO 2, Low Water), LCHW 
(Ambient CO2, High Water), LCLW (Ambient CO2, Low Water), OHW (Outside plot, High Water), OLW (Outside plot, Low Water). Data from 
26/05/94 & 24/06/94 harvests combined, n = 8 (High water), n = 5 (Low water); 26/05/94 harvest, n = 3; 24/06/94 harvest, n = 5. p  values are shown for CO2 (elevated CO 2 vs ambient CO 2), Water (wet treatment vs dry treatment), Interaction (CO 2-water interaction), Chamber (chamber vs no 
chamber). 
	
TREATMENT 	 p VALUES 
Variable 	HCHW 	HCLW 	LCHW 	LCLW OHW 	OLW 	CO2 	Water 	Interaction Chamber 
Leaf area! 64.1 56.8 68.4 66.4 65.7 66.8 0.2125 	0.3840 0.5838 	0.5774 sapwood area +4 . 9 +2.6 +5.3 +9.6 +3.2 +6.6 
Leaf DM/ 3.5 3.33 3.07 2.94 2.86 3.51 0.6025 	0.5515 0.7764 	0.8654 sapwood area +0.4 +0.2 +0.3 ± 0.4 +0.1 +0.36 
Leaf DM/ 2.59 3.02 2.86 0.3932 0.9494 
stem DM ±0.5 - ±0.4 - ±03 - - - 
(Hi) 
Leaf DM/ 1.65 2.07 1.88 2.43 2.16 2.87 0.1903 	0.1932 0.5684 	0.1409 




Results for leaf nutrient analysis at the harvest on 24/06/94 are presented in Table 4.9 
on both a concentration (mg.g') and on a leaf area (mg.m 2) basis. 
Leaf nutrient concentration. 
The average relative amounts of each nutrient when compared to nitrogen were 100 
(N) : 18.7 (P) : 225.6 (K) : 46.4 (Ca) : 45.8 (Mg). This indicates a relatively large 
amount of potassium in the leaves. CO 2 treatment significantly affected only leaf 
nitrogen concentration. Leaf phosporus, potasium, calcium and magnesium 
concentration were unaffected by CO 2 treatment. At elevated CO 2 concentrations 
trees had leaf nitrogen concentrations which were 23 % smaller than the leaf nitrogen 
concentrations at ambient CO 2 concentrations. Irrigation treatment had no effect on 
the leaf nitrogen or potasium concentrations but significantly affected (p <0.05) the 
leaf phosphorus, calcium and magnesium concentrations. Trees grown at field 
capacity consistently had more of these three nutrients than trees which were 
subjected to the drying cycle. There was a significant (p <0.05) chamber effect on 
the leaf phosphorus concentration. 
Leaf nutrient concentration expressed on a leaf area basis 
Leaf nutrient concentration expressed on a leaf area differed markedly from leaf 
nutrient concentration expressed on a dry mass basis because of differences in the 
specific leaf area between treatments. There were no significant differences in leaf 
nitrogen, calcium or magnesium concentration when expressed on a leaf area basis 
between CO 2 treatments. There were significant differences in the leaf phosphorus 
concentration (p < 0.05) and leaf potasium concentration (p < 0.01) between CO2 
treatments. Leaf phosphorus and potasium concentrations were consistently larger at 
elevated CO2 concentrations than at ambient CO 2 concentrations. There were 
significant differences (p < 0.05) in leaf nitrogen, phosphorus and calcium 
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Table 4.9. Leaf nutrient concentrations, 24/06/94 harvest. Leaf nitrogen, phosporus, potassium, calcium and magnesium concentrations (mg.g') and 
leaf nitrogen, phosphorus, potassium, calcium and magnesium per unit leaf area (g.m 2). All figures ± one standard error. HCHW (Elevated CO2, High 
Water; n = 5), HCLW (Elevated CO2, Low Water; n = 5), LCHW (Ambient CO2, High Water; n = 5), LCLW (Ambient CO2, Low Water; n = 5), OHW 
(Outside plot, High Water; n = 5), OLW (Outside plot, Low Water; n = 5). p values are shown for CO2 (elevated CO2 vs ambient CO2), Water (wet 
treatment vs dry treatment), Interaction (CO 2-water interaction), Chamber (chamber vs no chamber). 
	
TREATMENT 	 p VALUES 
Variable 	HCHW 	HCLW 	LCHW 	LCLW OHW 	OLW 	CO2 	Water 	Interaction Chamber 
Mass basis 
(Mg-g") 
N 	13.7 	14.2 	16.4 	18.1 	19.7 	18.6 	0.0094 	0.2634 	0.3456 	0.1436 
±1.0 ±0.5 ±0.7 ±0.3 ±0.8 ±0.5 ** 
P 3.76 2.35 3.29 2.74 3.99 2.79 0.6257 0.0001 0.0521 0.0178 
±0.2 ±0.07 ±0.14 ±0.15 ±0.13 ±0.16 * 
K 42.05 33.5 37.8 38.2 36.8 3.801 ± 0.8653 0.1648 0.3235 0.7205 
+ 2.7 ± 1.8 +1.7 +2.5 + 2.6 0.165 
Ca 8.36 5.90 9.12 7.13 9.58 7.00 0.5836 0.0005 0.9338 0.7135 
±03 ±0.4 ±0.9 +0.86 +0.65 +0.58 ** 
Mg 7.62 5.76 8.29 7.49 9.34 8.07 0.2197 0.0417 0.7711 0.1313 
±0.54 ±0.14 ±0.47 ±0.10 ±038 +1.03 * 
Area basis 
(g.m 2) 
N 70.7 82.9 69.9 80.5 86.0 97.5 0.9343 0.0056 0.6816 0.0308 
±5.3 ±2.2 ±3.9 +1.6 ±6.9 ±3.5 ** * 
P 19.3 13.7 14.0 12.2 17.4 14.6 0.0145 0.0010 0.0149 0.0305 
±8.4 ±2.8 ±0.8 ±0.08 ±0.7 ±0.8 * ** * * 
K 215.8 194.8 160.8 169.5 159.1 199.9 0.0036 0.6080 0.0426 0.0641 
+10.4 +4.5 +6.0 +10.6 +9.7 ± 11.5 ** * 
Ca 43.1 34.7 38.8 31.9 41.3 36.5 0.3098 0.0162 0.5548 0.4794 
±2.1 ±2.6 ±3.9 ± 4.7 +1.742 ±2.2 * 
Mg 38.9 33.7 35.2 32.9 40.4 41.8 0.1739 0.2961 0.3477 0.0092 
±1.4 ±1.2 ±1.8 ±3.6 ±0.7 ±43 ** 
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concentrations between irrigation treatments. Trees which were subjected to the 
drying cycle had higher leaf nitrogen concentration than those which had been grown 
at field capacity whereas trees which were subjected to the drying cycle had 
consistently lower phosphorus and calcium concentrations than trees which were 
grown at field capacity. There was a significant interaction of CO2 treatment and 
irrigation treatment (p < 0.05) on the leaf phosphorus and leaf potasium 
concentration. There were significant chamber effects (p <0.05) on the leaf nitrogen, 
phosphorus and magnesium concentrations. The outside plot had consistently higher 
leaf nitrogen, phosphorus and magnesium concentrations when expressed on a leaf 
area basis than the open top chambers. 
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Table 4.10. Root nutrient concentration, 24/06/94 harvest. Root nitrogen concentration (mg.g') and root phosporus concentration (mg.g'). All 
figures ± one standard error. HCHW (Elevated CO2, High Water; n = 5), HCLW (Elevated CO2, Low Water; n = 5), LCHW (Ambient CO2, High 
Water; n = 5), LCLW (Ambient CO 2 , Low Water; n = 5), OHW (Outside plot, High Water; n = 5), OLW (Outside plot, Low Water; n = 5). p values are 
shown for CO2 (elevated CO2 vs ambient CO2), Water (wet treatment vs dry treatment), Interaction (CO 2-water interaction), Chamber (chamber vs no 
chamber). 
	
TREATMENT 	 p VALUES 
Variable 	HCHW 	HCLW 	LCHW 	LCLW OHW 	OLW 	CO2 	Water 	Interaction Chamber 
N 	 25.9 37.5 33.1 44.8 32.0 47.9 	0.0026 	0.0001 	0.2383 	0.5664 
±1.65 ±1.52 ±1.74 ±1.80 ±1.91 ±1.00 ** 
P 	13.2 10.4 15.2 12.8 13.9 15.5 	0.5711 	0.4863 	0.2638 	0.4705 
±2.88 ±0.52 +1.76 ±0.90 ±2.54 ±031 
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Water use 
Total water uptake 
The average total water uptake per tree (kg) between the 26/05/94 and the 24/06/94 
harvests are shown in Figure 4.9a and Table 4.11. Trees grown at field capacity used 
an average of 12.9 kg of water between the two harvests as compared to an average 
of 3.8 kg for trees subjected to the drying cycle. The amount of water used by trees 
grown at field capacity was on average 3.4 times more than for trees subjected to the 
drying cycle. The difference in total water uptake per tree between irrigation 
treatments was highly significant (p <0.0001). There were no significant differences 
(p <0.05) in the total water uptake per tree between CO 2 or chamber treatments. 
Water use efficiency 
The average water use efficiencies per tree between the 26/05/94 and 24/06/94 
harvests are presented in Figure 4.9b and Table 4.11. The average water use 
efficiency per tree was calculated as the estimated dry mass accumulation (kg) per 
tree between the two harvests divided by the total water use (kg) per tree between the 
two harvests. This provided an integrated measure of water use efficiency for each 
tree over the period of the experiment. There were no significant effects (p < 0.05) of 
irrigation treatment on the integrated water use efficiency. However, there were 
significant differences in the water use efficiencies between CO 2 treatments. Trees 
grown at elevated CO 2 concentrations had water use efficiencies which were an 
average of 176 % larger than those of trees grown at ambient CO 2 concentrations. 
For trees subjected to the drying cycle, the water use efficiency at ambient CO 2 
concentrations was lower than at elevated CO 2 concentrations and the outside plot. 
Given that there were no differences in the total water uptake between CO 2 
treatments this suggests a lower assimilation rate at ambient CO 2 concentrations than 



























HW Treatment LW 
1.2 
IIUI 
Figure 4.9. a) Average total water uptake per plant (kg) between the 26/05/94 and 24/06/94 
harvests. b) Average water use efficiency per plant (WUE; Estimated dry mass 
accumulation / total water use (%)) between the 26/05/94 and 24/06/95 harvests. HC 
(elevated CO,), LC (ambient CO,), 0 (outside plot), HW (high water) and LW (low water). 
All bars ± one standard error. n = 5. 
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Table 4. I I. Results for water use between the 26/05/94 and 24/06/94 harvests. Average total water uptake per plant (kg) between the 26/05/94 and 
24/06/94 harvests, average water use efficiency per plant (WUE; estimated dry mass accumulation / total water use (%)) between the 26/05/94 and 
24/06/94 harvests and increase in dry mass (g) between the 26/05/94 and 24/06/94 harvests. All figures ± one standard error. HCHW (Elevated CO,, 
High Water; it = 5), HCLW (Elevated CO?, Low Water; n = 5), LCHW (Ambient CO?, High Water; n = 5), LCLW (Ambient CO,, Low Water; n = 5), 
OF-lW (Outside plot, High Water; ii = 5), OLW (Outside plot, Low Water; ii = 5). p  values are shown for CO2 (elevated CO 2 vs ambient CO,), Water 
(wet treatment vs dry treatment), Interaction (CO,-water interaction), Chamber (chamber vs no chamber). 
	
TREATMENT 	 p VALUES 
Variable 	HCHtV 	HCLW 	LCHW 	LCLW OF-lW 	OLW 	CO 2 	Water 	Interaction 	Chamber 
Water 12.8 3.93 12.4 3.87 13.7 3.52 0.0279 0.5079 	0.0770 	0.1595 
uptake (kg) ±0.72 ±0.16 ±0.72 ±0.13 ±0.49 ±0.06 * 
WUE 0.78 0.92 0.51 0.14 0.57 0.58 0.7589 0.0001 	0.1556 	0.5923 
(%) ±0.04 ±0.1 ±0.1 ±0.1 ±0.04 ±0.2 
Increase in 98.2 35.9 65.3 4.85 78.2 20.2 0.0025 0.0001 	0.7691 	0.7304 
dry mass +4.02 +5.4 ± 14.0 +5.02 +6.4 +5.5 ** 
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Photosynthesis and carbohydrates during a diurnal cycle. 
Results are presented for photosynthesis, starch and carbohydrate measurements 
which were made between 03:30 and 18:15 on the 26/05/94 
Assimilation rate 
Figure 4. 10a shows the average instantaneous assimilation rate measured at the 
growth concentration of CO 2 at four times during the day. There were no differences 
(Figure 4.1Ob) in assimilation rate between treatments in the early morning (07:30) or 
evening (18:15). However, during the day there were significant differences (p < 
0.05) in assimilation rate between CO, treatments. At 12:30, trees grown at elevated 
CO2 concentrations had assimilation rates which were an average of 66 % larger than 
those of trees grown at ambient CO 2 concentrations. At 15:00 this difference had 
reduced to 44 %. There were no chamber effects on the assimilation rate through the 
day. 
Stomatal conductance 
The average instantaneous stomatal conductance to CO2 (gc)  measured at the growth 
concentration of CO 2 at four times during the day are shown in Figure 4.1 Ia. There 
were no significant effects (Figure 4.11 b, p  <0.05) of any treatment on gc at any time 
during the day. Stomatal conductance decreased steadily from an average value of 
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Figure 4.10. a) Assimilation rate (tmoI.m 2 .s1 ) measured at the growth concentration of 
CO2 four times over one day (26/05/94). HC (elevated CO,), LC (ambient CO-,) and 0 
(outside plot). HC plants measured at 700 imol.moF', LC and 0 plants measured at 350 
imol.moF'. All points ± one standard error. ii = 3. b) p values shown for CO 2 effect 
(elevated CO, vs ambient CO,) and Chamber effect (chamber vs no chamber) at each of the 
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Figure 4.11. a) g (mol.m 2 .s 1 ) measured at the growth concentration of CO 2 four times over 
one day (26/05/94). HC (elevated CO 2), LC (ambient CO 2) and 0 (outside plot). HC plants 
measured at 700 imol.moF 1 , LC and 0 plants measured at 350 jimol.moF'. All points ± one 
standard error. n = 3. b) p values shown for CO2 effect (elevated CO 2 vs ambient CO2) and 
Chamber effect (chamber vs no chamber) at each of the four measurement times. The dotted 
line represents the 0.05 level of significance. 
Instantaneous water use efficiency 
Average instantaneous water use efficiencies were calculated for the four occasions 
during the day and are presented in Figure 4.12a. The instantaneous water use 
efficiency (mol.moY') was defined as the assimilation rate (A, .tmol.m*s') divided 
by the transpiration rate (E, mmol.m*s'). histantaneous water use efficiencies were 
lowest (p = 3.1) in the early morning (07:30) and increased to maximum values of 
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concentrations. There was a steady decline in water use efficiency during the 
afternoon to an average value of 3.1 mol.moF' at 18:15. There were no significant 
differences (Figure 4. 13 b), p < 0.05) in water use efficiencies at 07:30, 15:00 or 
18:15 between any treatments. At 12:30 there was a highly significant difference (p 
< 0.001) between the water use efficiency at elevated CO2 concentrations and 
ambient CO2 concentrations. 
07:30 	12:30 15:00 	18:15 
Time 
Figure 4.12. a) Instantaneous water use efficiency (mmol.mol') measured at the growth 
concentration of CO 2 four times over one day (26/05/94). HC (elevated CO ,)), LC (ambient 
CO2) and U (outside plot). HC plants measured at 700 imol.moY', LC and 0 plants 
measured at 350 jimol.mol* All points ± one standard error. n = 3. b) p values shown for 
CO 2 effect (elevated CO 2 vs ambient CO 2) and Chamber effect (chamber vs no chamber) at 




Figure 13a shows the starch concentration of leaf material (mg.g') at five times 
during the day. At elevated CO2 concentrations trees had consistently higher starch 
concentrations than at ambient CO2 concentrations although these differences were 
only significant (Figure 4.13b, p < 0.05) at 07:30 and 15:00. Over the course of the 
day the starch concentrations at elevated CO2 concentrations were an average of 63 
% higher than at ambient CO2 concentrations. There were no significant changes in 
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Figure 4.13. a) Average starch concentration measured at five times over one day 
(26/05/94). HC (elevated CO,), LC (ambient CO 2) and 0 (outside plot). All points ± one 
standard error. n = 3. b) p values shown for CO 2 effect (elevated CO 2 vs ambient C07) and 
Chamber effect (chamber vs no chamber) at each of the five measurement times. The dotted 
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Figure 4.14. a) Average soluble carbohydrate concentration measured at five times over 
one day (26/05/94). HC (elevated CO 2), LC (ambient CO)) and 0 (outside plot). All points 
± one standard error. n = 3. b) p values shown for CO2 effect (elevated CO-, vs ambient 
CO,) and Chamber effect (chamber vs no chamber) at each of the five measurement times. 
The dotted line represents the 0.05 level of significance. 
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Soluble carbohydrate concentration 
Leaf soluble carbohydrate concentrations (mg.g 1 ) at five times during the day are 
shown in Figure 4.14a. Although, elevated CO2 concentrations consistently had 
lower soluble leaf carbohydrates concentration than ambient CO2 concentrations, this 
difference was only significant (Figure 4.14b, p < 0.05) at 07:30. There was a 
significant chamber effect (p < 0.05) on soluble leaf carbohydrate concentration at 
the 11:30 measurement. The high variability of the data does not allow the 
observation of any trends in soluble carbohydrate concentration during the course of 
the day. 
Figure 4.15(i) shows results for individual carbohydrate concentrations (mg.g 1 ) ( a) 
inositol, b) sorbitol, c) glucose, d) fructose and e) sucrose). The average proportions 
of individual carbohydrates in the leaf tissue were 100 (sorbitol) : 41.3(glucose) 
26.5 (sucrose) : 23.3 (fructose): 4.4 (inositol). Sorbitol accounted for more than half 
of the total soluble carbohydrates present. There were no significant differences 
(Figure 4.15(u), p  <0.05) in the individual concentrations of any carbohydrate at any 
time during the day with the exception of sorbitol. At elevated CO2 concentrations 
trees had consistently lower (p < 0.05) sorbitol concentrations than at ambient CO2 
concentrations although this difference was not significant (p < 0.05) at the 18:00 
measurement. On average the sorbitol concentration at elevated CO2 concentrations 
was 25 % lower than at ambient CO2 concentrations. There were no clear trends in 
individual carbohydrate concentrations during the course of the day. 
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Figure 4.15. (i) Carbohydrate concentration (mg.g') of a) inositol, b) sorbitol, c) glucose, d) 
fructose and e) sucrose at five times over one day (26/05/94). HC (elevated CO2), LC 
(ambient CO2) and 0 (outside plot). All points ± one standard error. n = 3. (ii) p values 
shown for CO2 effect (elevated CO 2 vs ambient CO2) and Chamber effect (chamber vs no 




Pre-drying cycle, 26105194 
Figure 4.16a shows the average assimilation rate (A, tmol.m 2.$) measured at two 
concentrations of CO2 (350 .tmo1.mo1' and 700 jimol.mof') at 12:30 on 26/05/94. 
There were no significant differences (Figure 4.16b, p < 0.05) between CO2 or 
chamber treatments at either measurement concentration. However, there were 
significant differences in A between CO 2 measurement concentrations. 
Measurements of A made at 700 p.mol.mol' were an average of 60 % larger than 
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Figure 4.16. a) Assimilation rate (jimol.m 2 .s 1 ) measured at two concentrations of CO 2 (350 
l.tmol.mol' and 700 I.tmol.mol') at 12:30 on 26/05/94. HC (elevated CO 2 ), LC (ambient CO 2) and 0 
(outside plot). All bars ± one standard error. n = 3. b) p values are shown for CO 2 effect (elevated 
CO2 vs ambient CO2 ), Chamber effect (chamber vs no chamber) and Measurement concentration effect 
(A measured at 350 tmo1.mol' vs A measured at 700 imoI.mor5. The arrows indicate growth 
treatments and the dotted line represents the 0.05 level of significance. 
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There were no significant differences (p <0.05) in the stomatal conductance of trees 
measured at either CO2 concentration although g measured at 700 jimol.mol' were 
always lower than those measured at 350 .tmol.moI' (Figure 4.17). There were no 
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Figure 4.17. a) g (mol.m 2 .$) measured at two concentrations of CO 2 (350 jimol.mol' and 
700 !lmol.mol) at 12:30 on 26/05/94. HC (elevated CO 2), LC (ambient CO,) and 0 
(outside plot). All bars ± one standard error. n = 3. b) p values are shown for CO 2 effect 
(elevated CO 2 vs ambient CO 2), Chamber effect (chamber vs no chamber) and Measurement 
concentration effect (g, measured at 350 j.tmol.moF' vs g measured at 700 jimol.moF'). 
Arrows indicate growth treatments and the dotted line represents the 0.05 level of 
significance. 
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Figure 4.18a shows calculated values for the instantaneous water use efficiency for 
each treatment. Trees grown at elevated CO 2 concentrations and measured at 350 
.tmol.mol had significantly smaller (Figure 4.18b, p  <0.01) water use efficiencies 
when compared to trees grown at ambient CO2 concentrations and measured at 350 
tmol.mol. There were significant differences in water use efficiencies between 
measurement concentrations. Trees measured at 700 .tmol.mo1 1 had water use 
efficiencies which were an average of 11 1 % higher than those of trees measured at 
350 IJ.mol.mol'. There was a chamber effect on the water use efficiency at the 700 
imo1.mo1' measurement concentration. 
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Figure 4.18. a) Instantaneous water use efficiency (mmol.mol) measured at two 
concentrations of CO 2 (350 imo1.mol and 700 j.imol.mol 1 ) at 12:30 on 26/05/94. HC 
(elevated CO 2), LC (ambient CO,) and 0 (outside plot). All bars ± one standard error. n = 
3. b) p values are shown for CO, effect (elevated CO) vs ambient CO,), Chamber effect 
(chamber vs no chamber) and Measurement concentration effect (WUE measured at 350 
imol.mol 1 vs WUE measured at 700 llmol.moF'). Arrows indicate growth treatments and 
the dotted line represents the 0.05 level of significance. 
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Mid drying cycle, 03106194 
Figure 4.19 shows the average instantaneous assimilation rate (A, imol.m 2.s') 
measured at two concentrations of CO 2 (350 pmol.moF' and 700 imol.moF') one 
week into the drying cycle (03/06/94). There were no significant effects (Figure 
4.19b, p  <0.05) of CO 2 or chamber treatment on the assimilation rate, and there was 
no significant difference in the assimilation rate between the two measurement 
concentrations. However, trees which were subjected to the drying cycle had much 
smaller values of A than those which had been grown at field capacity (p <0.01). On 
average trees which had been subjected to the drying cycle had values of A which 
were 75 % smaller than the values of A for trees which had been grown at field 
capacity. 
The average instantaneous stomatal conductance to CO2 (gc)  measured at 350 
tmol.moi' and 700 pmol.moF' are presented in Figure 4.20a. There were no 
significant differences (Figure 4.20b, p < 0.05) in gc between CO2 or chamber 
treatments, and there were no differences in g between measurement concentrations. 
The drying cycle had a significant effect (p < 0.05) on the stomatal conductance, with 
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Figure 4.19. a) Assimilation rate (l.tmol.m2.s1)  measured at two concentrations of CO 2 (350 
tmo1.mo1 and 700 1mol.moF1)  on 03/06/94. HCHW (elevated CO,, high water), HCLW 
(elevated CO 2. low water), LCHW (ambient CO 2, high water), LCLW (ambient CO 2, low 
water), OHW (outside plot, high water), OLW (outside plot, low water). All bars ± one 
standard error. n = 3. b) p values are shown for CO 2 effect (elevated CO 2 vs ambient CO-)), 
Water effect (wet treatment vs dry treatment), Interaction effect (CO 2-water interaction), 
Chamber effect (chamber vs no chamber) and Measurement concentration effect (A 
measured at 350 j.tmol.mor t vs A measured at 700 iimol.mor). Arrows indicate the growth 
treatments and the dotted line represents the 0.05 level of significance. 
Given the large differences in g and A between irrigation treatments, the values for 
the instantaneous water use efficiency within each CO2 measurement concentration 
were remarkably constant (Figure 4.21a). There were no significant differences 
(Figure 4.21b, p < 0.05) in the water use efficiency between CO2 or chamber 
treatment. There were highly significant differences (p < 0.0001) in the water use 
efficiencies of trees measured at the different CO2 concentrations. Trees measured at 
700 j.tmol.mol' had water use efficiencies which were an average of 164 % larger 
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Figure 4.20. a) g. (mol.m 2.s 1 ) measured at two concentrations of CO 2 (350 j.imol.mol' and 
700 tmo1.mol') on 03/06/94. HCHW (elevated CO 2, high water), HCLW (elevated G0 2 , 
low water), LCHW (ambient CO 2, high water), LCLW (ambient CO 2 , low water), OHW 
(outside plot, high water), OLW (outside plot, low water). All bars ± one standard error. n 
= 3. b) p values are shown for CO 2 effect (elevated CO 2 vs ambient G0 2), Water effect (wet 
treatment vs dry treatment), Interaction effect (CO 2-water interaction), Chamber effect 
(chamber vs no chamber) and Measurement concentration effect (g measured at 350 
imol.moF' vs g, measured at 700 tmol.mol5. Arrows indicate growth treatments and the 
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Figure 4.21. a) Instantaneous water use efficiency (mmol.moF') measured at two 
concentrations of CO 2 (350 tmo1.mol' and 700 jimol.mor) on 03/06/94. HCHW (elevated 
CO2. high water), HCLW (elevated CO 2 , low water), LCHW (ambient CO 2, high water), 
LCLW (ambient CO 2 , low water), OHW (outside plot, high water), OLW (outside plot, low 
water). All bars ± one standard error. n = 3. b) p values are shown for CO2 effect 
(elevated CO2 vs ambient CO 2), Water effect (wet treatment vs dry treatment), Interaction 
effect (CO 2-water interaction), Chamber effect (chamber vs no chamber) and Measurement 
concentration effect (WUE measured at 350 jimol.moi' vs WUE measured at 700 pmoI.moF 
'). Arrows indicate growth treatments and the dotted line represents the 0.05 level of 
significance. 
End of drying cycle, 23106194 
Average values for the instantaneous assimilation rate (A, .tmol.m 2 .s 1 ) measured at 
350 .trnol.moF' and 700 tmol.moF' at the end of the drying cycle (03/06/94) are 
shown in Figure 4.22a. There was a significant effect (Figure 4.22b, p  <0.05) of 
CO2 treatment on A measured at 700 p.mol.moF' but not at 350 p.mol.moi'. The 
reduced value of A measured at 700 jimol.mol' for trees grown at elevated CO2 
concentrations when compared to those grown at ambient CO2 concentrations is a 
sign of possible downregulation of photosynthesis. There was no CO2 treatment 
effect on the assimilation rate of trees measured at 350 imol.mo1 1 . There were 
significant differences in the values of A between CO2 measurement concentrations, 
with trees measured at 700 jimol.mo1 1 having values of A which were an average of 
104 % higher than those of trees measured at 350 j.tmol.moF'. Trees which were 
subjected to the drying cycle had very low instantaneous assimilation rates (A = 0.60 
.tmol.m 2 .s 1 ) when compared to those of trees grown at field capacity (A = 14.08 
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Figure 4.22. a) Assimilation rate (tmol.m 2.$) measured at two concentrations of CO2 
(350 llmol.mol' and 700 tmol.moF') on 23/06/94. HCHW (elevated CO2, high water), 
HCLW (elevated CO2, low water), LCHW (ambient CO2, high water), LCLW (ambient CO2, 
low water), OHW (outside plot, high water), OLW (outside plot, low water). All bars ± one 
standard error. n = 3. b) p values are shown for CO2 effect (elevated CO2 vs ambient CO2), 
Water effect (wet treatment vs dry treatment), Interaction effect (CO2-water interaction), 
Chamber effect (chamber vs no chamber) and Measurement concentration effect (A 
measured at 350 imol.moF' vs A measured at 700 p.mol.mol 1 ). Arrows indicate growth 
treatments and the dotted line represents the 0.05 level of significance. 
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By the end of the drying cycle, the stomatal conductance of trees (Figure 4.23a) 
which were subjected to the drying cycle were extremely low (g = 0.004 mol.m*s 1 ) 
when compared to those of trees grown at field capacity (gc = 0.22 mol.m 2.s'). 
There were significant differences (Figure 4.23b, p < 0.01) between irrigation 
treatments at both CO2 measurement concentrations. There were no significant CO2 
treatment effects on the stomata] conductance at either CO2 measurement 
concentration. However, values of gc were significantly different (p <0.01) between 
CO2 measurement concentrations. The stomatal conductance of trees which were 
grown at field capacity and measured at 700 .tmol.moU' were an average of 33 % 
lower than those of trees grown at field capacity and measured at 350 jimol.mol'. 
Figure 4.24a shows average instantaneous water use efficiencies (mmo!.mol') for 
each treatment measured at 350 p.mol.mol' and at 700 imo1.moF 1 . The water use 
efficiencies of trees measured at 700 .tmol.moF' were significantly higher (Figure 
4.24b, p < 0.01) than those of trees measured at 350 pmol.mol' although this 
difference was most pronounced in trees grown at field capacity. The water use 
efficiencies of trees which were subjected to the drying cycle were significantly 
different (p < 0.05) from the water use efficiencies of trees grown at field capacity. 
Trees which were subjected to the drying cycle had much higher water use 
efficiencies than trees which were grown at field capacity. The sizes of the standard 
errors were also considerably larger for trees which were subjected to the drying 
cycle indicating a much larger variability in the values of water use efficiencies 
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Figure 4.23. a) g, (mol.m 2 .$) measured at two concentrations of CO 2 (350 imol.moI' and 
700 .tmo1.mol5 on 23/06/94. HCHW (elevated G02, high water), HCLW (elevated G02, 
low water), LCHW (ambient CO,. high water), LCLW (ambient CO2, low water), OHW 
(outside plot, high water), OLW (outside plot, low water). All bars ± one standard error. n 
= 3. b) p values are shown for CO2 effect (elevated CO 2 vs ambient CO)), Water effect (wet 
treatment vs dry treatment), Interaction effect (CO 2-water interaction), Chamber effect 
(chamber vs no chamber) and Measurement concentration effect (g measured at 350 
imol.moF' vs g measured at 700 .tmo1.mol'). Arrows indicate growth treatments and the 
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Figure 4.24. a) Instantaneous water use efficiency (mmol.mol 1 ) measured at two 
concentrations of CO2 (350 j.tmo1.mol and 700 imol.mo1 1 ) on 23/06/94. HCHW (elevated 
CO2, high water), HCLW (elevated CO2, low water), LCHW (ambient CO2. high water), 
LCLW (ambient CO2, low water), OHW (outside plot, high water), OLW (outside plot, low 
water). All bars ± one standard error. n = 3. b) p values are shown for CO7 effect 
(elevated CO2 vs ambient CO,), Water effect (wet treatment vs dry treatment), Interaction 
effect (CO 2-water interaction), Chamber effect (chamber vs no chamber) and Measurement 
concentration effect (WUE measured at 350 imol.moF' vs WUE measured at 700 lJ.mol.mol 
'). Arrows indicate growth treatments and the dotted line represents the 0.05 level of 
significance. 
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The relation between A and C 
Measurements of assimilation rate (A) plotted in relation to intercellular CO2 
concentration (C1) for trees grown with soil water at field capacity are shown in 
Figure 4.25a. The scatter of points for trees grown at elevated CO2 concentrations 
closely matches the scatter of points for trees grown at ambient CO2 concentrations 
suggesting that there was no downregulation of photosynthesis in trees which were 
grown at elevated CO2 concentrations. Trees grown in the outside plots had higher 
maximum values of A than the trees grown inside chambers. 
Values for the photosynthetic parameters Jmax, Vcmax and Rd were obtained by fitting 
the Farquhar et al (1980) model of leaf photosynthesis to the measured gas exchange 
data using the spreadsheet developed by de Fury & Farquhar (1997). Vcmax  was 
determined from the slope of the A-C 1 curve at CO2 concentrations of 50 - 250 
jimol.moi' while Jm a,, was determined from the saturating portion of the curve at 
high CO2 concentrations (600 jimol.moF'). Parameter values were optimised by 
adjusting them so as to minimise the sums of residuals between observed and 
modelled assimilation values over a range of CO2 concentrations (de Pury & 
Farquhar, 1997). Figure 4.25b shows an example of the fit of the Farquhar et al 
(1980) model of photosynthesis to an individual A-C 1 curve for a tree grown at 
elevated CO2 concentrations and at field capacity. The average values of these 
parameters are shown in Table 4.12 
The curves shown in Figure 4. 27 are summary A-C 1 curves plotted using average 
values of jmax, Vcmax and Rd for each treatment. Although trees grown in the outside 
plots did have higher values of and Vcmax than trees grown inside chambers there 
were no significant chamber effects on the A-C1 parameters. There were also no 
significant differences in A-C 1 curves between CO2 treatments and, therefore, no 
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Figure 4.25. a) The relation between assimilation rate (A, .tmol.m 2 .s 1 ) and intercellular 
CO2 concentration (C1, tmol.mo1 1 ) measured on four fully expanded leaves on the leaders 
of each of four peach trees per treatment. HC (elevated CO 2), LC (ambient CO 2) and 0 
(outside plot). n = 4. Measurements made between the 26/05/94 and the 24/06/94. b) An 
example of the fit of the Farquhar et at (1980) model of photosynthesis to an A-C1 curve 
(plant grown at elevated CO 2 concentration and at the high water treatment). A j shows the 
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Figure 4.26. Summary A-C 1 curves for each treatment. Curves plotted from average J, 
and Rd values for each treatment. HC (elevated CO 2), LC (ambient CO 2) and 0 
(outside plot). Measurements made between the 26/05/94 and 24/06/94. n =4. 
Table 4.12. Photosynthesis parameters. J, 	(tm0l.m 2.s 1 ) - the potential rate of electron 
transport rate per unit leaf area, V,, (Jimol.m 2.$) - the photosynthetic Rubisco capacity 
per unit leaf area and Rd (tmol.m 2.$) - the mitochondrial respiration in the light, per unit 
leaf area. All figures ±  one standard error. HC (Elevated CO 2), LC (Ambient CO2), 0 
(Outside plot). Photosynthesis measurements made between the 26/05/94 and the 24/06/94 
(n = 4). p  values are shown for CO 2 (elevated CO2 vs ambient CO2) and Chamber (chamber 
vs no chamber). 
TREATMENT p VALUES 
Variable HC LC 0 CO2 	Chamber 
Jmax 92.9 101.6 119.5 0.4195 	0.1876 
+3.4 +6.07 +10.8 
49.4 46.1 58.2 0.7596 	0.0904 
±3.2 ±3.02 ± 4 .7 
Rd -2.00 -2.26 -2.47 0.3632 	0.7243 
±0.19 ±0.24 ±0.16 
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DISCUSSION 
Control of growth 
Photosynthesis and capture of resources 
Assimilation 
There were higher assimilation rates at elevated CO2 concentrations than at ambient 
CO2 concentrations throughout the growing season. Such increases are commonly 
reported (Mousseau & Saugier, 1992) and explain the increases in dry mass at 
elevated CO 2 concentrations when compared to ambient CO 2 concentrations. 
Photosynthesis measurements over the period of one day show that the increase in 
assimilation rate at elevated CO 2 concentrations occurred only during the middle of 
the day. This is consistent with the results of Lethiec & Dixon (1996) who found that 
the enhancement of assimilation rate at elevated CO 2 concentrations depended on the 
time of day at which measurements were made. 
During the middle and end of the drying cycle, photosynthesis measurements showed 
that low water availability led to highly reduced rates of assimilation. These were 
associated with much smaller increases in dry mass for trees subjected to the drying 
cycle when compared to trees watered to field capacity. 
Downregulation 
There was no evidence of downregulation of photosynthesis at the start or in the 
middle of the drying cycle as as indicated by the absence of a reduction of the 
photosynthetic capacity of trees in any treatment at elevated CO 2 concentrations. The 
A-C 1 curves measured on trees from both CO 2 treatments also showed no signs of 
downregulation of photosynthesis. There were no effects of CO2 treatment on any of 
the three parameters fitted to the A-C1 curves. 
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These observations are consistent with contemporary ideas that acclimation of 
photosynthesis should only occur at elevated CO 2 concentrations if there is a nutrient 
limitation (Tissue et at, 1993; Sage, 1994; Thomas et at, 1994; Drake et at, 1997). 
However, by the end of the drying cycle there were signs of photosynthetic 
downregulation. Plants from the elevated CO 2 treatment had smaller values of A 
than plants from the ambient CO 2 treatment when measured at 700 j.tmol.mor'. 
There is evidence that although initially the photosynthetic capacity is not reduced by 
elevated CO2 concentrations, in the long term there is an accumulation of 
carbohydrates and starch which feedback to reduce the assimilation rate 
(Wullschleger, 1993; Gunderson & Wullschleger, 1994; Stirling et al, 1997). In this 
experiment there was indeed a 63 % increase in starch concentrations at elevated CO 2 
concentrations which is a typical response (Huber et al, 1984; Rozema, 1993; Kinney 
et at, 1997). Regardless of nutrient availability there is almost always a reduction in 
leaf nitrogen concentration (Conroy et at, 1992; Johnson et al, 1995; Kinney et al, 
1997) and this was also the case in this experiment. Some authors have suggested 
that reduced nitrogen concentrations reflect a reduction in the generation of Rubisco 
and other photosynthetic proteins which controls downregulation of photosynthesis 
(Mousseau & Saugier, 1992). 
Stomatal conductance 
Despite higher assimilation rates at elevated CO 2 concentrations, there were no 
differences in stomatal conductance until the end of the experiment, although plants 
measured at 700 jimol.moF 1 did tend to have smaller values of g c than those 
measured at 350 tmol.mor'. At the end of the drying cycle the stomatal 
conductances of trees measured at 700 pmol.mol' were smaller than those of trees 
measured at 350 imol.moi'. 
A number of authors have found reduced stomatal conductance in crops and grasses 
(Allen et al, 1994; Jackson et at, 1994) and some similar results have been reported 
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for trees (Eamus, 1991; Field et al, 1995; Liang et al, 1995; Drake et al, 1997). Curtis 
& Wang (1998) reviewed the literature and found an average reduction of 11 % in the 
stomatal conductance of young trees at elevated CO2 concentrations. However, in 
common with the results found for the first half of the drying cycle in this study, 
Heath & Kerstiens (1997) reported that the stomatal conductance of beech seedlings 
were not significantly reduced by elevated CO2 concentrations. 
Water availability had a large influence on stomatal conductance. By the end of the 
drying cycle the low irrigation treatment had resulted in very low stomatal 
conductances and consequently internal CO2 concentrations and assimilation rates. 
In the middle of the drying cycle, the stomatal conductance of the low irrigation 
treatment was 77 % lower than in the high irrigation treatment. 
Instantaneous water use efficiency 
The increased rates of assimilation and unchanged or reduced stomatal conductances 
at elevated CO2 concentrations led to large increases in the instantaneous water use 
efficiency at elevated CO2 concentrations. This reaction to elevated CO2 
concentrations is very widely reported in the literature (Eamus, 1991; Andre & 
Ducloux, 1993; Liang et al, 1995; Drake et al, 1997). There was no acclimation of 
water use efficiency over the experimental period despite some evidence of 
downregulation of photosynthesis at elevated CO2 concentrations. 
At the end of the drying cycle the water use efficiencies of trees which were 
subjected to the drying cycle were substantially larger than those of trees watered to 
field capacity. This is because the stomatal conductances were low enough for the 
intercellular CO2 concentrations to be on the linear portion of the A-C 1 relationship. 
The A-C1 relationship is a curve of diminishing returns so that at higher values of g 
assimilation responds less to an increase in g (or CO2) than at lower values of g. In 
contrast, the evaporation rate is directly related to stomatal conductance. In other 
words, for a given Ca and assuming that CO2 assimilation rate is predominantly 
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limited by stomatal conductance, the water use efficiency should be higher at lower 
stomatal conductances than at higher stomatal conductances. There are some 
literature sources which support this. Using measures of isotopic discrimination, 
Picon, Ferhi & Guehl (1997) confirm that for Quercus robur the assumption that CO2 
assimilation is mainly limited by stomatal conductance, holds. Chen et al (1993) 
confirm that in soybean the water use efficiency was always higher for drought 
stressed plants, depending on the severity of stress and the associated stomatal 
limitations. 
Capture of resources - 1120 & C 
Water uptake and whole plant water use efficiency 
There were no differences in the uptake of water between CO 2 treatments despite 
large differences in the total dry mass. This gave rise to a larger whole plant water 
use efficiency at elevated CO 2 concentrations. Growth at elevated CO 2 
concentrations led to reduction in the amount of water use per unit of carbon gain and 
this links with the increases in instantaneous water use efficiency discussed above. A 
number of experiments have found that although there was an increase in the water 
use efficiency of trees at elevated CO 2 concentrations, this was offset by a larger total 
water use which made them less able to cope with soil water shortages (Kerstiens et 
al, 1995; Heath & Kerstiens, 1997). On the other hand Picon, Guehl & Aussenac 
(1996) found that in Quercus robur the total water use efficiency were the same 
between CO2 treatments even though the transpiration rate was reduced. Baker et al 
(1997) showed elevated CO 2 concentrations increased the water use efficiency and 
reduced the total evapotranspiration of rice by 10 % and Rogers & Runion (1994) 
suggest that the effects of drought are lessened at elevated CO 2 concentrations 
because of reductions in total water use. In keeping with the effect of water 
availability on the instantaneous water use efficiency, Ferris & Taylor (1995) found 
that there was an increase in the total plant water use efficiency of two herbs at low 
water availability. However, in this experiment there was no difference in the total 
water use efficiency between irrigation treatments. The evidence from the current 
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experiment is that the total water use in peach seedlings was not changed by growth 
at elevated CO 2  concentrations, but that the effect of soil water shortage on growth 
was ameliorated by such conditions. 
Growth was controlled by the amount of water available and by the water uptake 
because the rate of water uptake is so tightly coupled to the rate of carbon uptake. 
Trees subjected to the drying cycle took up less water and this in turn had a strong 
effect on the amount of carbon taken up. 
Rate of carbon uptake 
The assimilation rate was increased by both elevated CO 2 concentrations and by a 
high water availability and this caused increases in growth in these treatments. There 
were no significant differences in the relative growth rates of plants grown at ambient 
and elevated CO2 concentrations although the relative growth rate was consistently 
smaller in ambient CO 2 than in elevated CO 2 concentrations. The development of a 
significant difference in dry mass between the two latter harvests must be the result 
of small, not significant differences in dry mass at the 26/05/94 harvest and of small, 
not significant differences in the relative growth rate between the two harvests. It is 
possible that there were differences between the population means at the 26/05/94 
which were undetected by the small sample size. Centritto (1998) shows that the 
effect of CO 2 concentration on the relative growth rate occurs very early in exposure. 
Leaf growth 
There were large increases in leaf dry mass at both elevated CO 2 concentrations and 
for trees watered at field capacity but this was not reflected by changes in the total 
leaf area or in the total number of leaves. Similarly, El Kohen et a!, (1993) found no 
change in leaf area or leaf number for sweet chestnut seedlings grown at elevated 
CO2  concentrations, although it is much more common that an increase in the leaf 
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area and total number of leaves per tree does occur (Norby & O'Neill, 1991; 
Ceulemans & Mousseau, 1994; Kerstiens & Hawes, 1994). 
At both harvests there were significant CO 2 treatment effects on the specific leaf 
area. Specific leaf areas were reduced at elevated CO2 concentrations. Leaves were 
heavier per unit of leaf area as the result of either increased carbohydrate and starch 
contents or thicker leaves. In a review of the impacts of elevated CO 2 concentration 
on tree growth, Ceulemans & Mousseau (1994) stated that "in all cases the dry 
weight of a unit of leaf area increases under elevated CO 2 concentrations". 
Irrigation treatment had a large impact on the leaf area and leaf number. Trees which 
were subjected to the drying cycle did not increase their leaf areas between the two 
later harvests, and this combined with a reduced assimilation rate was responsible for 
the very low rates of carbon uptake and consequent growth. 
Root growth 
The availability of water had a large impact on root growth. Fine roots are delicate 
and particularly prone to dessication and the severity of the water shortage during the 
drying cycle meant that there was no new growth of fine root in either CO 2 treatment. 
Trees watered at field capacity had 173 % more fine root when compared to trees 
which had been subjected to the drying cycle. There was no significant CO 2 
treatment effect on the fine root dry mass even though an increase in belowground 
dry mass is common at elevated CO 2 concentrations (Rogers et al, 1992; Norby, 
1994; Hodge, 1996; Jackson & Reynolds, 1996; King et al, 1996; Arnone, 1997). 
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Allocation 
Control of allocation 
There were only small changes in allocation between treatments. There were no 
significant changes in allocation to the stem, branches and coarse roots as a result of 
either CO2 or irrigation treatment and there were no differences in allocation between 
treatments at the 26/05/94 harvest. CO 2 treatment only affected allocation to the leaf 
dry mass while irrigation treatment affected allocation to the leaf and fine root dry 
mass. There was no shift in the root to shoot ratio between CO 2 treatments but there 
was a relative increase in allocation to the leaves and a relative decrease in 
belowground allocation for trees subjected to the drying cycle when compared to 
those which were watered to field capacity. 
Functional balance 
The observed allocation patterns were inconsistent with the functional balance 
hypothesis which implies that in water-limiting circumstances there should be 
relatively more root allocation and relatively less leaf allocation (Cannell & Dewar, 
1994). However, the observed allocation may be a function of the severity of water 
shortage because as previously mentioned, fine roots are particularly sensitive to 
desiccation. The response of allocation to elevated CO 2 concentrations was also 
inconsistent with the functional balance hypothesis and rather unusual. Figures in the 
literature tend to show an increase in the root : shoot ratio for plants grown at 
elevated CO 2 concentrations (Lindroth et al, 1993; Silvola & Ahlholm, 1993) and 
Bhattacharya et al (1990) and Prior et al (1997) also found an increase in the root to 
shoot ratio for plants grown under water stress. Prior et al (1997) describe this 
increase in the root : shoot ratio in water-stressed trees as being the result of a 
drought-induced increase in the proportion of plant biomass in the roots. Vivin & 
Guehl (1997) discuss decreases in the root: shoot ratio in Quercus robur in response 
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to drought and elevated CO 2  concentration. They point out that despite this decrease 
in the root: shoot ratio, there was no change in allocation to the fine roots. 
The lower leaf nutrient concentrations in trees which were subjected to the drying 
cycle supports the hypothesis that uptake of nutrient by the roots is dependent on the 
rate of water uptake and therefore on the water availability. However, there is no 
evidence that allocation was related to the low leaf nitrogen concentration because 
allocation responded in the opposite way to the predicted direction for low nutrient 
availability. 
Pipe model 
There were no differences in the relationship between stem cross-sectional area and 
leaf area or leaf dry mass between any treatment despite large changes in the water 
use efficiency. Even though the water use efficiency did change between CO2 
treatments, there was no change in the total water uptake or in the total leaf area 
between CO2 treatments and this would suggest that the functional relationship 
between the xylem cross-sectional area and the leaf area did not change either. 
Impact of elevated CO2 concentration 
Increases in dry mass are commonly reported at elevated CO2 concentrations 
(Johnsen, 1993; Zak et al, 1993; El Kohen & Mousseau, 1994; Gorissen, 1996; 
Delucia et al, 1997). The average increase in total biomass of 39 % as a result of 
growth at elevated CO 2  concentration in the present study was extremely close to the 
median value of 40 % quoted by Eamus & Jarvis (1989) in their extensive literature 
review. 
Elevated CO2 concentrations had a large impact on the dry mass of all components 
except for fine root but it did not significantly affect allocation. The stimulation of 
growth probably occurred early in the experiment and there was no continued effect 
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of elevated CO2 concentration on the relative growth rate after the start of the drying 
cycle. There were no increases in the total leaf area, total number of leaves per tree, 
collar diameter, basal diameter or number of branches per tree at elevated CO2 
concentrations. Leaf nitrogen concentrations were reduced by elevated CO2 
concentrations which is a typical response (Conroy, 1992; Cotrufo et al, 1994; 
Johnson et al, 1995; Cotrufo & meson, 1996; Ball, 1997; Bernston & Bazzaz, 1997; 
Kinney et al, 1997). The only evidence of downregulation of photosynthesis was at 
the end of the experiment. In line with many other studies on the impacts of elevated 
CO2 concentrations there was a large increase in the leaf starch concentration (Huber 
et al, 1984; Rozema, 1993; Kinney et al, 1997; Will & Ceulemans, 1997). 
Amelioration of drought effects at elevated CO 2 concentrations 
Elevated CO2 concentrations enhanced the growth of trees subject to the drying cycle 
by more than it stimulated the growth of those watered at field capacity suggesting 
that elevated CO2 concentrations may alleviate the effects of water limitation. This 
amelioration of the effects of water shortage occurs because of increases in the 
instantaneous and total tree water use efficiencies. There was no conservation of 
water per se but there was less effect of water shortage on growth. Groninger et al 
(1996) present data which show that in loblolly pine, elevated CO2 concentrations 
compensate for low water availabilities by stimulating photosynthetic rates. 
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CONCLUSIONS 
• The assimilation rate was increased by elevated CO2 concentrations and 
downregulation of photosynthesis did not occur until the end of the experiment. The 
reduction in photosynthetic capacity was associated with a large increase in leaf 
starch concentrations and a decrease in leaf nitrogen concentrations. 
• Stomatal conductance was unchanged at elevated CO2 concentrations until the 
end of the experiment when it was significantly lower at elevated CO2 concentrations 
than at ambient CO2 concentrations. 
• The combination of increased assimilation rate and unchanged or reduced 
stomatal conductance led to large increases in instantaneous and whole plant water 
use efficiencies. Instantaneous water use efficiency was also higher in trees 
subjected to the drying cycle than in those watered at field capacity. 
• Despite an increase in the whole plant water use efficiency there was no 
difference in the total water use between CO2 treatments. However, elevated CO2 
concentrations did ameliorate the effect of water shortages on growth. 
• Changes in allocation between treatments were not consistent with predictions of 
the functional balance hypothesis. CO2 concentration only had small effects on 
allocation and there was no predicted increase in root allocation at the low water 
availability. These observations may have been the result of the severity of water 
shortage which may have damaged the fine roots. 
• Trees subjected to the drying cycle did have smaller leaf nitrogen concentrations 
but it is unlikely that these drove any change in allocation because the observed 
changes were opposite to predicted changes in response to low nutrient availability. 
• There were no significant changes in the relationship between stem cross-
sectional area and leaf area or leaf dry mass between CO2 or irrigation treatments. 
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Chapter 5 
THE LONG TERM EFFECT OF ELEVATED CO 2 AND 
NUTRIENT AVAILABILITY ON GROWTH AND 
ALLOCATION OF SITKA SPRUCE 
(Picea sitchensis) SEEDLINGS. 
INTRODUCTION 
The previous two chapters (Chapters 3 & 4) considered the impact of CO 2 
concentration and the availability of nutrients or water on growth and allocation of 
two deciduous tree species over one growing season. It is well established that there 
are short term increases in the carbon assimilation rate at elevated CO2 
concentrations (Eamus & Jarvis, 1989; Mousseau & Saugier, 1992; Luxmoore et al, 
1993; Drake et al, 1997; Heath & Kerstiens, 1997). However, in the long term 
feedback loops may operate to reduce the enhanced capacity for photosynthesis 
(Wullschleger, 1993; Gunderson & Wullschleger, 1994; Stirling et a!, 1997). 
Downregulation of photosynthesis may be caused by an accumulation of starch, 
nitrogen limitation (Mousseau & Saugier, 1992) or by raised carbohydrate levels in 
leaf tissue (Van Oosten & Besford, 1996). Downregulation may therefore be the 
result of feedback mechanisms which arise because increased rates of CO 2 uptake 
disrupt the functional balance. If this is the case then the extent of downregulation 
should depend on the degree of nutrient limitation (Arp, 1991, Sage, 1994). 
Theoretically, trees grown at optimum rates of nutrient supply should be able to 
accommodate increases in the rate of CO 2 uptake without recourse to feedback 
mechanisms and should therefore show no downregulation. In contrast, 
downregulation will be most marked where there is a shortage of nutrients. The 
interaction of CO 2 and nutrient availabilities on tree growth and allocation become 
more important with increased length of the experiment. 
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In conditions where there is an increase in the uptake rate of a resource, 
downregulation may provide an alternative to changing the allocation pattern. 
Instead of balancing the size of plant components so that they take up resources in the 
proportions required for healthy growth, downregulation may return the rate of 
uptake to its original value and thereby avoid disruption to the balance of resources. 
Atmospheric CO2 concentrations continue to rise at a rate of approximately 1.2 
imol.moi 1 .yf' (Conway et al, 1988) and are predicted to double to approximately 
700 .imol.mo1' by the mid to late 21st century. The responses of allocation to 
increased CO 2 concentrations and to nutrient availability in long term experiments 
are important to predict changes in vegetation growth as a result of these increased 
atmospheric CO 2 concentrations. Many of the experiments which have been reported 
in the literature lasted for less than one growing season and do not adequately address 
the issue of how plants would adapt to an elevated CO2 concentration in the long 
term (Eamus & Jarvis, 1989). 
Authors report widely different results for the effect of elevated CO 2 concentration 
and different nutrient availabilities on growth and allocation (Eamus & Jarvis, 1989; 
Mousseau & Saugier, 1992). Many of these differences may be attributed to 
differences in growth conditions but some are likely to be the result of variations in 
response between species (Lee & Jarvis, 1995). El Kohen et al (1993) found that 
CO2 enrichment caused very different changes in growth and allocation in sweet 
chestnut and beech saplings which were grown alongside each other in the same 
chambers. The differences were attributed to different speeds of acclimation to 
elevated CO 2 concentrations. 
A comparison of the reaction of deciduous and evergreen species to growth at 
elevated CO 2 concentrations reveals a range of results (Tolley & Strain, 1984; Sionit 
et al, 1985). A review by Ceulemans & Mousseau (1994) found that the average 
biomass increments attributable to elevated CO 2 concentrations were 38 % in 
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conifers compared to 63 % in deciduous trees. Comparisons between plants which 
have determinate growth patterns with those that have indeterminate growth patterns 
have also not revealed consistent trends (Norby & O'Neill, 1989) but Lee & Jarvis 
(1995) suggest that increases in CO 2 concentrations might affect indeterminate 
species more because of their ability to make rapid use of photosynthates. 
In this experiment one-year-old cuttings of three Sitka spruce clones were grown in 
eight open top chambers (three with ambient CO 2 concentrations of 350 tmol.moF 1 , 
and three with elevated CO 2 concentrations of 700 imol.moY') and an outside plot 
for three years at The Institute of Terrestrial Ecology, Bush Estate, Edinburgh. Sitka 
spruce contrasts from the other two experimental species (sycamore and peach) in 
being an evergreen with a determinate growth pattern. It was hypothesised that the 
effect of elevated CO 2 concentration and nutrient addition rate would be delayed as a 
result of this determinate growth pattern. Current year growth depends on the 
environmental conditions at the time of needle primordia formation at the end of the 
previous growing season. To separate the effects of CO2 concentration and nutrient 
availability, a split nutrient treatment was imposed at the start of the second year. 
Half of the plants were grown at a high nutrient addition rate and the other half at a 
low nutrient addition rate (Materials and Methods, Chapter 2). It was also 
hypothesised that there would be genotypic differences in growth and allocation 




Initial harvest (06105193) 
The initial dry mass of the different tree components and the initial total above 
ground and total dry mass are shown in Figures 5.1 and 5.2. Statistics for differences 
between clone are presented in Tables 5.1 and 5.2. There were no significant 
differences (p <0.05) in total dry mass between the three clones. Only the dry mass 
of the branches were different between clones, and this was attributable to 
differences in the dry mass of 1992 branches. The figures in Table 5.2 show that 
although there were no significant differences in the total needle dry mass, the dry 
mass of needles on 1992 branches and on the 1992 leader were significantly different 
between clones. There were also significant differences in the dry mass of the cutting 















Figure 5.1. Mean biomass allocation to Sitka spruce leader, branch, needle, cutting and root 
fractions in clones A, B and C. Initial harvest (06/05/93), n = 10. Total above ground ± one 
standard error and total below ground ± one standard error. 
Table 5. 1. Statistics for the dry mass of leader, branch, needle, cutting and root fractions at 
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Needle (cutting above ground) 
Needle (leader 92) 
Needle (leader 93) 
Needle (branch 92) 
Needle (branch 93) 
Cutting (below ground) 
Root 
Clone A 	Clone B 	Clone C 
Figure 5.2. Mean dry mass allocation to a) leader, b) branches, c) needles and d) root for 
two year classes and the original cutting in clones A, B and C. Initial harvest (06/05/93), n 
= 10. All bars ± one standard error for the total category dry mass. 
p VALUES p VALUES 
Variable Clone Variable 	 Clone 
Cutting 0.0502 Branch 	 0.0058 
(above ground) 1992 ** 
Leader 0.3913 Branch 	 0.1821 
1992 1993 
Leader 0.4278 
1993 Cutting 	 0.0002 
(below ground) 	 ** 
Needle 0.0001 Root 	 0.5688 
(cutting) 
Needle 0.0125 
(leader '92) * 
Needle 0.2792 Table 5.2. 	Statistics for dry mass of 
(leader '93) leader, branch, cutting, needles and 
Needle 0.0269 root 	in 	all 	year 	classes. 	Initial 
(branch '92) * harvest (06/05/93), n = 	10. p Needle 0.1305 
(branch '93) values 	are 	shown for 	clone 
(differences between clones A, 	B 
and Q. 
01110193 harvest 
At the end of the first growing season there were significant CO2 effects (p <0.05) 
on the dry mass of all components except for the branches and the original cutting 
(Figure 5.3 and Table 5.3). Branch dry mass tended to be larger in elevated CO2 
concentrations than in ambient CO2 concentrations, but these differences were not 
significant. Elevated CO 2 concentrations increased the total dry mass by 46 % when 
compared to the total dry mass in ambient CO 2 concentrations. The dry mass of roots 
were significantly different between clones. Clone B had an average of 37 % more 
root biomass than clone A, and clone C had an average of 25 % more root dry mass 
than clone A. 
The dry mass of the different year classes for each tree component are shown in 
Figure 5.4. The overall differences in dry mass between CO2 treatments for each 
component are mostly attributable to differences in the dry mass of the 1992 year 
class and not to the current (1993) year class (Table 5.4, p < 0.05). For example, the 









HC LC 0 	HC LC 0 	HC LC 0 
Treatment 
Needle I 	Leader M Cutting 
Eli Branch Root 	(above ground) 
Figure 5.3. Mean biomass allocation to Sitka spruce leader, branch, needle, cutting and root 
fractions in clones A, B and C. 01/10/93 harvest, n = 8. HC (elevated CO')), LC (ambient 
CU2), 0 (outside plot). Total above ground ± one standard error and total below ground ± 
one standard error. 
Table 5.3. Statistics for the dry mass of leader, branch, needle, cutting, root total above 
ground and total plant. 01/10/93 harvest, n = 8. p  values are shown for CO2 (elevated CO2 
vs ambient CO2), clone (differences between clones A,B and C), interaction (CO 2-clone 
interaction) and chamber (chamber vs no chamber). 
p VALUES 
Variable CO2 Clone Interaction Chamber 
Total 0.0108 0.0598 0.3075 0.4132 
* 
Leader 0.0288 0.0743 0.7985 0.3760 
* 
Branch 0.0875 0.4218 0.0527 0.1943 
Needle 0.0057 0.3256 0.6043 0.4766 
** 
Root 0.0266 0.0272 0.1173 0.6435 
* * 
Cutting 0.5408 0.0654 0.5633 0.0054 
** 
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EI Needle (leader '93) 
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HC LC 0 	HC LC 0 	HC LC 0 
Treatment 
Figure 5.4. Mean dry mass allocation to a) leader, b)branches, C) needles and d) root for two 
year classes and the original cutting in clones A, B and C. 01/10/93 harvest, n = 8. HC 
(elevated CO,), LC (ambient CO2), 0 (outside plot). All bars ± one standard error for the 
total category dry mass. 
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p VALUES 
Variable CO2 Clone Interaction Chamber 
Cutting 0.5408 0.0654 0.5633 0.0054 
(above ground) ** 
Leader 0.0048 0.7242 0.7692 0.3979 
1992 ** 
Leader 0.1550 0.0181 0.8640 0.4622 
1993 * 
Branch 0.0240 0.1101 0.3900 0.6631 
1992 * 
Branch 0.4554 0.6266 0.0142 0.0962 
1993 * 
Needle 0.3714 0.1693 0.8047 0.0346 
(cutting) * 
Needle 0.0005 0.9294 0.8666 0.3388 
(leader '92) ** 
Needle 0.0366 0.1909 0.9274 0.4603 
(leader '93) * 
Needle 0.0297 0.3492 0.6074 0.6473 
(branch '92) * 
Needle 0.0701 0.7196 0.0278 0.8591 
(branch '93) * 
Root 	 0.0266 	0.1645 	0.3417 	0.8395 
* 
Table 5.4. Statistics for dry mass of leader, branch, cutting, needles and root in all year 
classes. 01/10/93 harvest, n = 8. p  values are shown for CO 2 (elevated CO2 vs ambient 
CO2), clone (differences between clones A, B and C), interaction (CO 2-clone interaction) 
and chamber (chamber vs no chamber). 
dry mass between CO2 treatments. The same was true of the branch dry mass and 
needle dry mass (although there were also significant CO2 effects on the needles of 
the 1993 leader). Elevated CO2 concentrations always increased the dry mass of 
components when compared to ambient CO2 concentrations - even if the differences 
between CO2 treatments were not significant. 
The only difference significant at p < 0.05 between the three clones was in the 
current year (1993) leader dry mass. There were chamber effects on the aboveground 




By the end of the second growing season the CO2 effects had disappeared and been 
replaced by differences between the three clones and between plants grown inside 
and outside of the chambers (Figures 5.5, 5.6 and Tables 5.5, 5.6). There were no 
significant differences in the dry mass of any components nor in any year class 
between CO2 treatments. There were also few differences in dry mass between the 
high and low nutrient addition rates despite application of the nutrient treatments for 
the whole of the 1994 growing season. Only the leader dry mass was significantly 
affected by nutrient addition rate (p <0.05), and this was attributable to differences in 
both the 1993 and 1994 leader dry masses. The dry mass of needles on the 1993 
leader were also significantly affected by nutrient treatment. At the high nutrient 
addition rate the leader dry mass was an average of 22 % larger than at the low 
nutrient addition rate. 
There were large differences in the dry mass of the different clones. The total leader 
dry mass, total needle dry mass, total above ground dry mass, total coarse root dry 
mass, total below ground dry mass and total dry mass were all significantly affected 
by the different clones (p <0.05). Only the total branch dry mass was unaffected by 
clone. Table 5.6 shows that the between clone differences are attributable to 
differences in the 1993 and 1994 year classes for both the leader and needles. There 
were no significant differences in the dry mass of any year class for the branches of 
different clones. 
There were significant chamber effects on all the grouped tree components (p < 0.05) 
and these were the result of differences in 1992, 1993 and 1994 year classes in both 
the leader and needles, but only of the 1994 year class in the branches. The dry mass 
of plants inside chambers was an average of 53 % larger than the dry mass of plants 













	 QOe C10 C10 
Treatment 
Needle EEl Leader 	 Fine root 
Branch 	Coarse root 	Cutting 
(above ground) 
Figure 5.5. Mean biomass allocation to Sitka spruce leader, branch, needle, cutting, coarse root and 
fine root fractions. a) HCHN (elevated CO 2, high nutrient), HCLN (elevated CO 2 , low nutrient), 
LCHN (ambient CO 2, high nutrient), LCLN (ambient CO 2 , low nutrient), 01-IN (outside plot, high 
nutrient), OLN (outside plot, low nutrient); n = 8. b) clones A, B and C; n > 14. 20/09/94 harvest. 
Total above ground ± one standard error and total below ground ± one standard error. 
Table 5.5. Statistics for dry mass at the 20/09/94 harvest. p values are shown for CO 2 (elevated CO 2 
vs ambient CO 2), nutrient (high nutrient vs low nutrient), clone (clone A vs clone C), chamber 
(chamber vs no chamber), CO 2 x nutrient (CO2-nutrient interaction), CO 2 x clone (CO2-clone 




CO2 	CO2 	Nutrient x nutrient 
Variable 	CO2 	Nutrient Clone Chamber x nutrient x clone x clone 	x clone 
Total 	0.5909 	0.6307 0.0362 	0.0052 	0.6238 	0.6323 	0.7328 	0.5402 
* ** 
Leader 	0.3874 	0.0391 	0.0137 	0.0029 	0.6151 	0.8841 	0.8037 	0.9942 
* * ** 
Branch 	0.4770 	0.0863 	0.1858 	0.0457 	0.1545 	0.5507 	0.5038 	0.5017 
* 
Needles 	0.8468 	0.9845 	0.0235 	0.0082 	0.1595 	0.4861 	0.5598 	0.4914 
* ** 
Coarse 	0.4287 	0.4079 0.0438 	0.0082 	0.8780 	0.4834 	0.9553 	0.3362 
root * ** 
Fine root 	0.4286 	0.1209 0.0676 	0.0203 	0.4640 	0.2392 	0.8367 	0.7823 
* 
Above- 	0.7386 	0.9238 	0.0402 	0.0064 	0.2207 	0.6165 	0.5477 	0.5840 
ground * ** 
Below- 	0.4218 	0.2379 	0.0378 	0.0096 	0.7328 	0.3519 	0.9976 	0.4762 
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Figure 5.6. Mean dry mass allocation to a) leader, b) branches, c) needles and d) root for 
three year classes and the original cutting in clones A, B and C. 20/09/94 harvest. HCI-IN 
(elevated CO2, high nutrient), HCLN (elevated CO2. low nutrient), LCHN (ambient CO2, 
high nutrient), LCLN (ambient CO2. low nutrient), OHN (outside plot, high nutrient), OLN 
(outside plot, low nutrient); ii = 8. Clones A, B and C; n > 14. All bars ± one standard error 
for the total category dry mass. 
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Table 5.6. Statistics for dry mass of leader, branch and needles in three year classes at the 
20/09/94 harvest (n = 8). p  values are shown for CO2 (elevated CO, vs ambient CO2), 
nutrient (high nutrient vs low nutrient), clone (clone A vs clone C), chamber (chamber vs no 
chamber), CO 2 x nutrient (CO,-nutrient interaction), CO2 x clone (CO2-clone interaction), 




CO2 CO, Nutrient x nutrient 
Variable CO, Nutrient Clone Chamber x nutrient x clone x clone x clone 
Cutting 0.1974 0.7765 0.1353 0.1643 0.1502 0.7451 0.5167 0.5888 
Leader 0.2931 0.6788 0.8537 0.0324 0.4279 0.9384 0.3641 0.6414 
1992 * 
Leader 0.5929 0.0069 0.0001 0.0041 0.7962 0.7342 0.6194 0.9273 
1993 ** *** ** 
Leader 0.8476 0.0148 0.0166 0.0475 0.0674 0.6112 0.8115 0.4083 
1994 * * * 
Branch 0.6658 0.0926 0.3673 0.5612 0.7832 0.4663 0.5084 0.8582 
1992 
Branch 0.2447 0.2030 0.1764 0.1664 0.1802 0.6699 0.5127 0.2285 
1993 
Branch 0.8660 0.1322 0.3217 0.0212 0.2576 0.3999 0.2189 0.3333 
1994 * 
Needle 0.3563 0.4643 0.1264 0.3832 0.1730 0.8837 0.1416 0.7090 
(cutting) 
Needle 0.1551 0.5028 0.5748 0.0061 0.5397 0.6364 0.2699 0.8759 
(leader '92) ** 
Needle 0.8978 0.0035 0.0001 0.0276 0.9906 0.7849 0.5088 0.9742 
(leader '93) ** *** * 
Needle 0.0863 0.0625 0.0185 0.0042 0.1903 0.8878 0.7350 0.7698 
(leader '94) * ** 
Needle 0.8565 0.1604 0.3431 0.5260 0.2602 0.4671 0.2659 0.9704 
(branch '92) 
Needle 0.9142 0.0700 0.0055 0.0260 0.0802 0.0079 0.0211 0.1610 
(branch '93) ** * ** * 
Needle 0.6550 0.4120 0.1639 0.0225 0.3574 0.5357 0.9509 0.5902 
(branch '94) * 
Coarse root 0.4287 0.4079 0.0438 0.0082 0.8780 0.4834 0.9553 0.3362 
* ** 
Fine root 0.4286 0.1209 0.0676 0.0203 0.4640 0.2392 0.8367 0.7823 
* 
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After two years of growth at elevated and ambient CO 2 concentrations and one 
growing seasons with low and high nutrient addition rates, the most significant 
differences between plants were the result of genotypic differences and of growth 
inside or outside the open top chambers. 
09110195 harvest 
At the end of the experiment the only significant CO 2 treatment effect was on the dry 
mass of the root (Tables 5.7, 5.8 and Figures 5.7, 5.8). On average the root dry mass 
in elevated CO2 concentrations were 19 % larger than in ambient CO2 concentrations. 
Nutrient treatment had a large effect on the dry mass of all tree components except 
for the roots (p < 0.0001). The differences were dependent on age class - for 
example for branch needles, only the dry mass of those in the 1995 age class was 
affected by nutrient treatment while the dry mass of leader from each age class were 
significantly affected by nutrient treatment. At the high nutrient addition rate the 
total dry mass was an average of 34 % larger than the total dry mass at the low 
nutrient addition rate. 
The differences between clones which were present at the end of the second year 
persisted to the end of the experiment. There were significant differences (p <0.05) 
in the dry mass of all the grouped components between clones A and C. These 
differences were attributable to the 1993 leader and 1993 branches and to the needles 
on the 1994 leader and branches (Table 5.8). 
The chamber effects also persisted until the end of the third growing season. There 
were significant differences in all components between plants inside the chambers 
and plants outside of the open top chambers (p <0.05) although not all age classes 














Figure 5.7. Mean biomass allocation to Sitka spruce leader, branch, needle and root fractions in clones A and C. Final harvest, 09/10/95 (n = 4). 
HCHN (elevated CO,, high nutrient), HCLN (elevated CO 2 . low nutrient), LCHN (ambient CO 2, high nutrient), LCLN (ambient CO,, low nutrient), 
OHN (outside plot, high nutrient), OLN (outside plot, low nutrient). Total above ground biomass ± one standard error and total below ground biomass 
± one standard error. 
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Table 5.7. Statistics for dry mass at the final harvest (09/10/95). p  values are shown for 
CO2 (elevated CO2 vs ambien CO2), nutrient (high nutrient vs low nutrient), clone (clone A 
vs clone C), chamber (chamber vs no chamber), CO2 x nutrient (CO 2-nutrient interaction), 
CO2 x clone (CO2-clone interaction), nutrient x clone (nutrient-clone interaction) and CO 2 x 
nutrient x clone (CO 2-nutrient-clone interaction). 
p VALUES 
CO2 
CO2 CO2 Nutrient x nutrient 
Variable CO2 Nutrient Clone Chamber x nutrient x clone x clone x clone 
Total DM 0.1222 0.0001 0.0001 0.0001 0.0002 0.5980 0.0683 0.1760 
** 
Total 0.9227 0.0001 0.0001 0.0004 0.0001 0.6715 0.9505 0.2605 
leader *** ** 
Total 0.3639 0.0001 0.0203 0.0048 0.0259 0.8104 0.0980 0.2979 
branch * ** * 
Total 0.5800 0.0001 0.0027 0.0020 0.1908 0.5930 0.0297 0.0139 
needles *** ** ** * * 
Root 0.0342 0.1156 0.0095 0.0002 0.0788 0.7302 0.4527 0.7582 
* ** ** 
Above 0.4770 0.0001 0.0001 0.0004 0.0001 0.5345 0.0593 0.0253 
ground DM *** *** ** *** * 
There were a number of interaction effects, most notably a CO2-nutrient interaction 
on the leader and branch dry mass. The CO2-nutrient interaction manifested itself as 
a larger reduction in the branch and leader dry mass between the high nutrient 
addition rate and the low nutrient addition rate in elevated CO2 than in ambient CO2 
concentrations. 
All harvests and RGR 
The changes in mean total dry mass over the three year period are shown in Figure 
5.9. Histograms are shown for each clone, for all clones grouped and for the CO2 
and nutrient treatments grouped. At the end of the first year there were significant 
CO2 differences, which had disappeared by the end of the second growing season. 
The difference between the inside and outside plots are apparent from the end of the 
second year and were important by the end of the third year. Differences between 
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Needle (leader '93) 
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Needle (leader '95) 
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Treatment 
Figure 5.8. Mean dry mass allocation to a) leader, b) branches, c) needles and d) root in 
four year classes and clones A and C. Final harvest, 09/10/95 (ti = 4). HCHN (elevated 
CO,, high nutrient), HCLN (elevated CO2, low nutrient), LCHN (ambient CO,, high 
nutrient), LCLN (ambient CO2, low nutrient), OHN (outside plot, high nutrient), OLN 
(outside plot, low nutrient). All bars ± one standard error for the total category dry mass. 
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Table 5.8. Statistics for dry mass of leader, branch and needles in four year classes at the 
final harvest (09/10/95). p  values are shown for CO2 (elevated CO2 vs ambient CO,), 
nutrient (high nutrient vs low nutrient), clone (clone A vs clone C), chamber (chamber vs no 
chamber), CO2 x nutrient (CO 2-nutrient interaction), CO2 x clone (CO2-clone interaction), 




CO2 CO2 Nutrient x nutrient 
Variable CO2 Nutrient Clone Chamber x nutrient x clone x clone x clone 
Leader 0.0599 0.0100 0.1245 0.1462 0.0194 0.7999 0.3694 0.9653 
1992 * * 
Leader 0.8920 0.0023 0.0001 0.0009 0.0167 0.7484 0.5564 0.2613 
1993 ** *** ** * 
Leader 0.2368 0.0001 0.8805 0.0033 0.0001 0.6991 0.5967 0.8742 
1994 *** ** 
Leader 0.3475 0.0001 0.2936 0.0230 0.0008 0.6279 0.3378 0.5418 
1995 *** * ** 
Branch 0.2408 0.6848 0.6306 0.2875 0.9933 0.3819 0.7865 0.2875 
1992 
Branch 0.0427 0.0341 0.0002 0.1029 0.2793 0.1813 0.2010 0.8250 
1993 * * ** 
Branch 0.7933 0.0001 0.9610 0.0034 0.0079 0.2589 0.7017 0.0993 
1994 *** ** ** 
Branch 0.2560 0.0001 0.5993 0.0140 0.0288 0.9333 0.0474 0.1868 
1995 *** * * * 
Needle 0.6976 0.0005 0.1533 0.0001 0.0001 0.0793 0.2019 0.2880 
(leader '92) ** *** *** 
Needle 0.1183 0.8606 0.4325 0.0007 0.3523 0.9627 0.3837 0.6078 
(leader '93) 
Needle 0.1981 0.1706 0.0001 0.0060 0.1202 0.1422 0.3420 0.2856 
(leader '94) *** ** 
Needle 0.1145 0.0001 0.1088 0.2004 0.0012 0.1984 0.1934 0.3498 
(leader '95) *** ** 
Needle 0.3165 0.2460 0.1625 0.4690 0.1557 0.1406 0.4244 0.5034 
(branch '92) 
Needle 0.1010 0.6903 0.1000 0.3030 0.1009 0.4424 0.2881 0.4964 
(branch '93) 
Needle 0.4166 0.8830 0.0046 0.0099 0.5214 0.5981 0.2900 0.1117 
(branch '94) ** ** 
Needle 0.2533 0.0001 0.4593 0.3566 0.5658 0.6348 0.2169 0.3095 
(branch '95) *** 
W. 
end of the third year. The nutrient effect only became noticeable at the last harvest 
although it had the largest impact of any treatment. 
Figure 5.10 shows the average dry mass at each harvest plotted on logarithmic scales. 
The slopes of the lines between harvests are equivalent to the average relative growth 
rates (i) for the three time periods shown in Table 5.9. 
(109 W2  — logW) 
t2 - t i  
where R is the relative growth rate, W2 is the dry mass measurement made at t2 and 
W1 is the dry mass of the tree at t1. 
The slopes of the graphs diverge between CO2 treatment and clones during the first 
period, showing that elevated CO 2 concentrations increased the growth rate when 
compared to ambient CO2 concentrations. During the second and third growing 
seasons, the slopes for each clone were almost parallel showing that the differences 
in relative growth rate were not maintained. The differences between clones which 
were observed at the end of the third growing season were primarily a result of 
differences in the relative growth rate during the first growing season. 
During the second growing season, ambient CO 2 concentrations increased the growth 
rate when compared to elevated CO2 concentrations so that the differences between 
CO2 treatment which had been present at the end of the first growing season were 
eliminated during the second growing season. Plants in the outside plot maintained 
lower relative growth rates which revealed themselves in larger differences between 
inside and outside trees at the end of the second and third growing seasons. 
Although the split nutrient regime was applied from the beginning of the second 
growing season, there were no apparent differences in the growth rates of plants at 
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Figure 5.9. Mean total dry mass (g) over three growing seasons for a) clone A (n = 10, 8, > 
2, 4), b) clone B (n = 10, 8, > 2), c) clone C (n = 10, 8, > 2, 4), d) all clones grouped (n = 30, 
24, 8, 8), e) CO2 treatments grouped (n = 10, 24, > 14, 24). HCHN (elevated CO 2. high 
nutrient), HCLN (elevated CO 2 , low nutrient), LCHN (ambient CO 2, high nutrient), LCLN 
(ambient CO 2 , low nutrient), OHN (outside plot, high nutrient), OLN (outside plot, low 
nutrient). All bars ± one standard error. 
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Figure 5.10. Mean tree dry mass plotted on logarithmic scale at four harvests for a) Clone A 
(n = 10, 8, > 2, 4), b) clone B (n = 10, 8, > 2), c) clone C (ii = 10, 8, > 2, 4), d) all clones 
grouped (n = 30, 24, 8, 8), e) CO2 treatments grouped (n = 10, 24, ~! 14, 24). HCHN 
(elevated CO2, high nutrient), HCLN (elevated CO2, low nutrient), LCHN (ambient CO2. 
high nutrient), LCLN (ambient CO,, low nutrient), OHN (outside plot, high nutrient), OLN 
(outside plot, low nutrient). All points ± one standard error. Slopes for different treatments 
used in calculation of relative growth rate. 
FMI 
Table 5.9. Mean relative growth rate (% day') over three periods for clones A, B, C and all 
clones grouped. Period 1 (06/05/93 - 01/10/93), period 2 (01/10/93 - 20/09/94) and period 3 
(20/09/94 - 09/10/95). HCHN (elevated CO 2. high nutrient), HCLN (elevated CO 2 . low 
nutrient), LCHN (ambient CO 2. high nutrient), LCLN (ambient CO 2 . low nutrient), OHN 




B 	C All A 
Period 2 
B 	C All A 
Period 3 
B 	C All 
HCHN 0.569 0.706 0.626 0.637 0.131 0.107 0.078 0.108 0.133 - 	 0.179 0.141 
HCLN - - - 0.128 0.105 0.105 0.113 0.087 - 	 0.109 0.090 
LCHN 0.483 0.562 0.533 0.527 0.143 0.163 0.151 0.153 0.129 - 	 0.141 0.127 
LCLN - - - - 0.143 0.138 0.157 0.144 0.111 - 	 0.085 0.099 
OHN 0.485 0.519 0.470 0.491 0.096 0.122 0.150 0.122 0.101 - 	 0.086 0.094 
OLN - - - - 0.114 0.111 0.104 0.109 0.079 - 	 0.121 0.098 
Grouped 0.515 0.607 0.550 0.126 0.126 0.122 0.111 - 	 0.125 
During the third year the growth rates of plants at elevated and ambient CO2 
concentrations were the same although there were large differences in growth rates 
between the high and low nutrient addition rates. There were higher relative growth 
rates at the high nutrient addition rate than at the low nutrient addition rate which 
explain the large differences in total dry mass which were observed between nutrient 
treatments. There were no differences between nutrient treatments in the outside plot 
suggesting that the nutrient treatments were ineffective for control plants. 
Dry mass allocation 
Initial harvest (06105193) 
At the time of the initial harvest there were significant differences in the dry mass 
allocation of leader, branches, needles and cutting between clones (Figure 5.11 and 
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Figure 5.11. Dry mass allocation to leader, branch, needles, root and cutting in clones A, B 
and C. Initial harvest (06/05/93), n = 10. All bars ± one standard error. 
Table 5.10. Statistics for dry mass allocation to leader, branch, needles, root and cutting in 
clones A, B and C. Initial harvest (06/05/93), n = 10. p  values shown for clone (differences 
between clones A, B and Q. 
p VALUES 
Variable 	 Clone 
Leader 	 0.0002 
** 
Branch 	 0.0001 
Needles 	 0.0179 
* 
Root 	 0.7954 




At the end of the first growing season the only significant effect on dry mass 
allocation was that of CO2 treatment on the original cutting (Figure 5.12 and Table 
5.11, p  <0.01). There were no longer any differences in dry mass allocation between 
clones and there were no CO2 treatment effects on the dry mass allocation despite 
large differences in dry mass. There were also no differences in dry mass allocation 
between plants inside and outside the open top chambers. 
20109194 harvest 
There were still no significant CO2 treatment effects on the dry mass allocation at the 
end of the second growing season (Figure 5.13 and Table 5.12, p  <0.05). Nutrient 
treatment had a significant effect on dry mass allocation to the leader and branch 
which was the result of a significant increase in the leader dry mass but not on any 
other component at that time. There was also a significant effect of clone on the 
allocation to the original cutting. Allocation to the coarse root was increased by 
growth inside chambers. 
09110195 harvest 
At the end of the experiment CO2 treatment still had no significant effect on the dry 
mass allocation to any tree component (Figure 5.14 and Table 5.13, p < 0.05). 
However, nutrient treatment had large effects on the dry mass allocation to the leader, 
branch and roots. Allocation to the leader and branches were reduced at the low 
nutrient addition rate, while allocation to the root was increased by an average of 21 
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Figure 5.12. Dry mass allocation to leader, branch, needles, root and cutting in clones A, B 
and C. 0 1/10/93 harvest, n = 8. HC (elevated CO2), LC (ambient CO2) and 0 (outside plot). 
All bars ± one standard error. 
Table 5.11. Statistics for dry mass allocation at the 01/10/93 harvest (n = 8). p  values are 
shown for CO 2 (elevated CO 2 vs ambient CU2), clone (differences between clones A,B and 
C), interaction (CO 2-clone interaction) and chamber (chamber vs no chamber). 
p VALUES 
Variable CO2 Clone Interaction Chamber 
Leader 0.4068 0.2936 0.4915 0.3768 
Branch 0.1326 0.4933 0.3575 0.4916 
Needle 0.6258 0.1624 0.3330 0.3490 
Cutting 0.0072 0.0941 0.7699 0.1466 
** 









Figure 5.13. Dry mass allocation to leader, branch, needles, cutting, fine root and coarse 
root for all clones grouped. 20/09/94 harvest. HCHN (elevated CO 2, high nutrient), HCLN 
(elevated CO,, low nutrient), LCHN (ambient CO,, high nutrient), LCLN (ambient CO,. low 
nutrient), OHN (outside plot, high nutrient), OLIN (outside plot, low nutrient); n = 8. All 
bars ± one standard error. 
Table 5.12. Statistics for dry mass allocation at the 20/09/94 harvest (n = 8). p  values are 
shown for CO2 (elevated CO2 vs ambient CO2), nutrient (high nutrient vs low nutrient), 
clone (clone A vs clone C), chamber (chamber vs no chamber), CO2 x nutrient (CO2-nutrient 
interaction), CO2 x clone (CO 2-clone interaction), nutrient x clone (nutrient-clone 
interaction) and CO2 x nutrient x clone (CO 2-nutrient-clone interaction). 
p VALUES 
CO2 
CO2 CO2 Nutrient x nutrient 
Variable CO2 Nutrient Clone Chamber x nutrient x clone x clone x clone 
Leader 0.1244 0.0116 0.2790 0.5719 0.2694 0.7437 0.9100 0.4536 
* 
Branch 0.6519 0.0033 0.5360 0.8619 0.0865 0.5801 0.4518 0.5354 
** 
Needles 0.6788 0.1739 0.9361 0.9609 0.0576 0.2425 0.6677 0.9978 
Cutting 0.2621 0.2614 0.0011 0.1862 0.0778 0.7593 0.3376 0.4722 
** 
Fine root 0.7217 0.1884 0.1617 0.1041 0.8080 0.3012 0.3003 0.6265 
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Figure 5.14. Dry mass allocation to leader, branch, needles and root in clones A and C. 
Final harvest (09/10/95), n = 4. HCHN (elevated CO 2, high nutrient), HCLN (elevated CO2. 
low nutrient), LCHN (ambient CO, high nutrient), LCLN (ambient CO,, low nutrient), 
OHN (outside plot, high nutrient), OLN (outside plot, low nutrient). All bars ± one standard 
error. 
Table 5.13. Statistics for dry mass allocation at the final harvest (09/10/95). p values are 
shown for CO2 (elevated CO2 vs ambient CO2), nutrient (high nutrient vs low nutrient), 
clone (clone A vs clone C), chamber (chamber vs no chamber), CO 2 x nutrient (CO 2-nutrient 
interaction), CO2 x clone (CO,-clone interaction), nutrient x clone (nutrient-clone 
interaction) and CO2 x nutrient x clone (CO2-nutrient-clone interaction). 
p VALUES 
CO2 
CO2 CO2 Nutrient x nutrient 
Variable CO2 Nutrient Clone Chamber x nutrient x clone X clone x clone 
Leader 0.1397 0.0100 0.0224 0.3192 0.0505 0.8903 0.0562 0.9939 
* * 
Branch 0.9240 0.0092 0.8740 0.7383 0.9071 0.9726 0.2493 0.5181 
** 
Needle 0.2654 0.1331 0.0100 0.0001 0.0491 0.7318 0.2472 0.0911 
* *** * 
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Figure 5.15. 	Mean allocation to tree root, cutting, leader, branch and needles over three 
growing seasons for all clones grouped. a) HCHN (elevated CO2 , high nutrient), b) HCLN 
(elevated CO2 , low nutrient), c) LCHN (ambient CO 2 . high nutrient), d) LCLN (ambient 
CO2 , low nutrient), 01-IN (outside plot, high nutrient), OLN (outside plot, low nutrient). 
06/05/93 harvest, n = 30; 01/10/93 harvest, n = 24; 20/09/94 harvest, n = 8; 09/10/95 
harvest, n = 8. 
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The allocation to leader and needle were significantly affected by clone, clone C 
growing relatively more needle and relatively less leader than clone A. There was a 
marked chamber effect on the allocation to needle and root. Allocation to the needles 
was higher in the outside plot than inside the open top chambers, and conversely the 
allocation to roots was lower in the outside plot than inside the chambers. 
All harvests 
Figure 5.15 shows the changes in dry mass allocation over the three year period. 
While there are differences between nutrient treatments and between the inside 
chamber and control treatments, the graphs are of interest because the changes in 
allocation over time are larger than the differences between CO 2 and nutrient 
treatments. The allocation to the leader and branch increased over the three year 
period while the allocation to needles decreased. The allocation to roots increased 
for the first growing season and then either stabilised or reduced during the last two 
years. 
Root: shoot dry mass ratio 
The root : shoot ratios (total below ground dry mass / total above ground dry mass) 
were calculated for each harvest and are shown in Figures 5.1 6a - 5.19a and Tables 
5.14-5.17. 
Although there were initial differences in the root : shoot ratio between clones 
(06/05/93, p  <0.01), these had disappeared by the end of the first growing season. 
There were no CO 2 treatment effects on the root: shoot ratio at any harvest over the 
three year experimental period. By the end of the second year there were small 
differences between the three clones (p <0.05) but there were no significant effects 













Clone A 	Clone B 	Clone C 
Figure 5.16. a) Total below ground dry mass (g) / total above ground dry mass (g) for 
clones A, B and C. b) Root dry mass (g) / needle dry mass (g) for clones A, B and C. 
Initial harvest (06/05/93), n = 10. All bars ± one standard error. 
Table 5.14. Statistics for the total below ground dry mass (g) / total aboveground dry mass 
(g) and the root dry mass (g) / needle dry mass (g) for clones A, B and C. Initial harvest 
(06/05/93), n = 10. p  values are shown for clone (differences between clones A, B and Q. 
p VALUES 
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Figure 5.17. a) total below ground dry mass (g) / total above ground dry mass (g) for clones 
A, B and C. b) root dry mass (g) / needle dry mass (g) for clones A, B and C. 01/10/93 
harvest, n = 8. HC (elevated CO2), LC (ambient CO,), 0 (outside plot). All bars ± one 
standard error. 
Table 5.15. Statistics for the total below ground dry mass (g) / total above ground dry mass 
(g) and the root dry mass (g) / needle dry mass (g) for clones A, B and C. 01/10/93 harvest, 
n = 8. p  values are shown for CO 2 (elevated CO2 vs ambient CO2), clone (differences 
between clones A, B and C), interaction (CO 2-clone interaction) and chamber (chamber vs 
no chamber). 
p VALUES 
Variable 	 co, 	Clone 	Interaction 	Chamber 
Root D/ 	0.2110 	0.1645 	0.3417 	0.8395 
shoot 






















Figure 5.18. a) total below ground dry mass (g) / total above ground dry mass (g) for clones 
A, B and C. b) fine root dry mass (g) / needle dry mass (g) for clones A, B and C. 20/09/94 
harvest. HCHN (elevated CO,, high nutrient), HCLN (elevated CO 2 , low nutrient), LCHN 
(ambient CO2, high nutrient), LCLN (ambient CO,, low nutrient). OHN (outside plot, high 
nutrient), ULN (outside plot, low nutrient); n = 8. Clones A, B and C; n > 14. All bars ± 
one standard error. 
Table 5.16. Statistics for the total below ground dry mass (g) / total above ground dry mass 
(g) and the fine root dry mass (g) / needle dry mass (g) for clones A, B and C. 20/09/94 
harvest, n = 8. p  values are shown for CO 2 (elevated CO 2 vs ambient CO 2), nutrient (high 
nutrient vs low nutrient), clone (clone A vs clone C), chamber (chamber vs no chamber), 
CO2 x nutrient (CO-?-nutrient interaction), CO 2 x clone (CO 2-clone interaction), nutrient x 




CO2 	CO2 	Nutrient x nutrient 
	
Variable 	CO2 	Nutrient Clone Chamber x nutrient x clone 	x clone 	x clone 
Root / 	0.4165 	0.1052 	0.0325 	0.3162 	0.0010 	0.0650 	0.1953 	0.2539 
shoot * ** 


















Figure 5.19. a) Root dry mass (g) /total above ground dry mass (g) for clone A, b) root dry 
mass (g) / total above ground dry mass (g) for clone C, c) root dry mass (g) / needle dry 
mass (g) for clone A, d) root dry mass (g) / total aboveground dry mass for clone C. Final 
harvest (09/10/95), n = 4. HCHN (elevated CO 2. high nutrient), HCLN (elevated CO 2, low 
nutrient), LCHN (ambient CO2. high nutrient), LCLN (ambient CO 2, low nutrient), OHN 
(outside plot, high nutrient), OLN (outside plot, low nutrient). All bars ± one standard error. 
Table 5.17. Statistics for root dry mass (g) / total aboveground dry mass (g) and root dry 
mass (g) / needle dry mass (g) at the final harvest (09/10/95). p  values are shown for CO2 
(elevated CO2 vs ambient CO,), nutrient (high nutrient vs low nutrient), clone (clone A vs 
clone C), chamber (chamber vs no chamber), CO 2 x nutrient (C07-nutrient interaction), CO2 
x clone (CO2-clone interaction), nutrient x clone (nutrient-clone interaction) and CO 2 x 
nutrient x clone (CO-,-nutrient-clone interaction). 
p VALUES 
CO, 
CO, 	CO2 	Nutrient x nutrient 
	
Variable 	CO2 	Nutrient Clone 	Chamber x nutrient x clone x clone 	x clone 
Root / 	0.1158 	0.0001 	0.7115 	0.0069 	0.1804 	0.9699 	0.8623 	0.1593 
shoot *** ** 
Root/ 	0.1438 	0.1043 	0.3717 	0.0008 	0.4995 	0.8152 	0.5063 	0.0567 
needle ** 
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At the end of the experiment there were large differences in the root : shoot ratio 
between nutrient treatments. The root: shoot ratio was an average of 32 % higher at 
the low nutrient addition rate than at the high nutrient addition rate. There was also a 
significant chamber effect on the root: shoot ratio. The outside treatment had smaller 
root: shoot ratios when compared to the inside chamber treatment. 
A larger root : shoot ratio indicates a relative increase in the allocation to below 
ground dry mass while a smaller root : shoot ratio indicates a relative increase in 
allocation to the above ground dry mass. 
Root needle dry mass ratio 
Results for the root: needle ratio (root dry mass / needle dry mass) are also presented 
(Figures 5.16b - 5.19b and Tables 5.14 - 5.17) because the needle is of more 
importance in the functional balance hypothesis than the dry mass of the combined 
above ground dry mass including the leader and branch. 
There were no significant differences in the root : needle ratio over the entire span of 
the experiment for the different CO2. nutrient and clone treatments. There were also 
no differences between chamber treatments for the first two growing seasons. At the 
end of the third year there was a large difference between chamber treatments (p < 
0.001). At the last harvest, the root: needle ratio inside chambers was larger than in 
the outside plots. 
Mean tree height 
There were no significant differences in height between clones at the initial harvest 
(Figure 5.20a and Table 5.18,p <0.05). 
The height growth of trees during the first growing season is shown in Figure 5.21 
for each clone, for all clones grouped and for CO2 and nutrient treatments grouped. 
214 
20 
15 Figure 5.20. a) Mean tree height, 
J b) mean basal diameter, c) mean 
r j collar diameter, d) mean number of 
10 F I 1992 branches and e) mean number 
IL I of 1993 branches in clones A B and 
C. Initial harvest (06/05/93), n = 10. r All bars ± one standard error.  
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Table 5.18. Statistics for height, basal diameter, collar diameter, number of branches (1992) 
and number of branches (1993) in clones A, B and C. Initial harvest (06/05/93), n = 10. p 




Basal diameter 0.0078 
** 
Collar diameter 0.0084 
** 
Branch no 0.0062 
(1992) ** 
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Figure 5.21. Mean tree height (cm) against day of year for a) Clone A, b) Clone B, c) Clone 
C, d) All clones grouped, e) CO 2 treatments grouped. HC (elevated CO 2), LC (ambient 
CO2), 0 (outside plot). All points ± one standard error. For graphs a), b) and c), n = 36; for 
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Figure 5.22. a) Mean tree height, b) mean number of 1992 branches and c) mean number of 
1993 branches for clones A, B and C. 01/10/93 harvest, n = 8. HC (elevated CO2), LC 
(ambient CU2), 0 (outside plot). All bars ± one standard error. 
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Table 5.19. Statistics for height, number of branches (1992), number of branches (1993), 
basal diameter and collar diameter in clones A, B and C. 01/10/93 harvest, n = 8. p  values 
are shown for CO2 (elevated CO 2 vs ambient CO2), clone (differences between clones A,B 
and C), interaction (CO 2-clone interaction) and chamber (chamber vs no chamber). 
p VALUES 
Variable CO2 Clone Interaction Chamber 
Height 0.4622 0.004() 0.9605 0.3133 
** 
Branch no. 0.5570 0.0064 0.2796 0.5946 
(1992) ** 
Branch no. 0.3966 0.1037 0.0173 0.6552 
(1993) * 
Basal diameter 0.0693 0.1794 0.6390 0.1411 
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Figure 5.23. a) Mean basal diameter and b) mean collar diameter for clones A, B and C. 
01/10/93 harvest, n = 8. HC (elevated CO2), LC (ambient CO2), 0 (outside plot). All bars ± 
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Figure 5.24. a) Mean height, b) mean number of 1992 branches, c) mean number of 1993 
branches and d) mean number of 1994 branches for clones A, B and C. 20/09/94 harvest. 
HCHN (elevated CO2. high nutrient), HCLN (elevated CO 2 . low nutrient), LCHN (ambient 
CO2, high nutrient), LCLN (ambient CO,, low nutrient), OHN (outside plot, high nutrient), 
OLN (outside plot, low nutrient); n = 8. Clones A, B and C; n > 14. All bars ± one 
standard error. 
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Table 5.20. Statistics for height, number of branches (1992), number of branches (1993), 
number of branches (1994), basal diameter and collar diameter in clones A, B and C. 
20/09/94 harvest (n = 8). p  values are shown for CO, (elevated CO 2 vs ambient CO2), 
nutrient (high nutrient vs low nutrient), clone (clone A vs clone C), chamber (chamber vs no 
chamber), CO2 x nutrient (CO2-nutrient interaction), CO2 x clone (CO2-clone interaction), 




co, CO2 	Nutrient x nutrient 
	
Variable 	CO2 	Nutrient Clone Chamber x nutoient x clone x clone 	x clone 
Height 	0.1062 	0.0585 	0.0025 	0.0016 	0.4321 	0.8968 	0.4574 	0.9790 
** ** 
Branch no. 0.6561 	0.0635 	0.5424 	0.9493 	0.2686 	0.9691 	0.3287 	0.9493 
(1992) 
Branch no. 0.6504 	0.2571 	0.6116 	0.1275 	0.1292 	0.4559 	0.0617 	0.8442 
(1993) 
Branch no. 0.9485 	0.8203 	0.0001 	0.0504 	0.8988 	0.2718 	0.4538 	0.7427 
(1994) 
Basal 	0.2275 	0.3797 	0.6769 	0.0001 	1.000 	0.9438 	0.8313 	0.6430 
diameter 















Figure 5.25. a) mean basal diameter and b) mean collar diameter for clones A, B and C. 
20/09/94 harvest. HCHN (elevated CO2, high nutrient), HCLN (elevated CO2, low nutrient), 
LCHN (ambient CO,, high nutrient), LCLN (ambient CO 2. low nutrient), OHN (outside plot, 
high nutrient), OLN (outside plot, low nutrient); n = 8. Clones A. B and C; n > 14. All bars 
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Figure 5.26. a) Mean tree height for clones A and C, b) mean basal diameter for clones A and C and 
c) mean collar diameter for clones A and C. Final harvest (09/10/95), n = 4. HCHN (elevated CO 2 . 
high nutrient), HCLN (elevated CO 2 , low nutrient), LCHN (ambient CO 2 . high nutrient), LCLN 
(ambient CO ,,, low nutrient), OHN (outside plot, high nutrient), OLN (outside plot, low nutrient). All 
bars ± one standard error. 
Table 5.21. Statistics for height, basal diameter and collar diameter at the final harvest (09/10/95). p 
values are shown for CO 2 (elevated CO 2 vs ambient CO2), nutrient (high nutrient vs low nutrient), 
clone (clone A vs clone C), chamber (chamber vs no chamber), CO 2 x nutrient (CO 2-nutrient 
interaction), CO 2 x clone (CO2-clone interaction), nutrient x clone (nutrient-clone interaction) and 
CO2 x nutrient x clone (CO,-nutrient-clone interaction). 
p VALUES 
Co2 
CO2 	CO 2 	Nutrient x nutrient 
	
Variable 	CO2 	Nutrient Clone Chamber x nutrient x clone x clone 	x clone 
Height 	0.8373 	0.0001 	0.0001 	0.3274 	0.2846 	0.5992 	0.9721 	0.9895 
Basal 	0.3096 	0.0001 	0.0543 	0.0015 	0.0003 	0.5524 	0.2582 	0.3908 
diameter ** ** 
Collar 	0.4096 	0.0001 	0.0270 	0.0005 	0.0001 	0.5159 	0.6340 	0.1692 
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Figure 5.27. Mean branch number for four year classes, a) Clone A, b) clone C. Final 
harvest (09/10/95), n = 4. HCHN (elevated CO 2, high nutrient), HCLN (elevated CO 2 , low 
nutrient), LCHN (ambient CO 2. high nutrient), LCLN (ambient CO 2 . low nutrient), OHN 
(outside plot, high nutrient), OLN (outside plot, low nutrient). All bars + one standard error. 
c) p values are shown for CO 2 (elevated CO 2 vs ambient CO 2), nutrient (high nutrient vs low 
nutrient), clone (clone A vs clone C), chamber (chamber vs no chamber), CO 2 x nutrient 
(CO,-nutrient interaction), CO2 x clone (CO2-clone interaction), nutrient x clone (nutrient-
clone interaction) and CO 2 x nutrient x clone (CO 2-nutrient-clone interaction). The dashed 
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Figure 5.28. Mean tree height (cm) over three growing seasons. HCHN (elevated CO 2, high 
nutrient), HCLN (elevated G0 2 , low nutrient), LCHN (ambient CO 2. high nutrient), LCLN 
(ambient CO2 , low nutrient), OHN (outside plot, high nutrient), OLN (outside plot, low 
nutrient). All points ± one standard error. 1993, n = 54; 1994 n > 38; 1995 n = 8. 
Two periods of growth can be identified from these graphs. The period of growth 
before day of year 180 shows the leader elongation rate as a result of the determinate 
phase of growth while the period of growth after day of year 180 shows a period of 
free 'lammus growth. There are large differences in the height growth between CO2 
treatments and between the different clones. Elevated CO2 concentrations increased 
the height of trees when compared to ambient CO2 concentrations. However, the 
differences in height between elevated and ambient CO2 treatments were smaller than 
the increases in height resulting from growth inside chambers. However, the largest 
difference in height growth was between clones. At the 01/10/93 harvest the only 
significant effect on height growth was a clone effect (Figure 5.22a and Table 5.19, p 
<0.01). 
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At the end of the second growing season there were no CO 2 treatment effects on 
height (Figure 5.24a and Table 5.20). There were also no significant differences in 
height between nutrient treatments (p <0.05) although there was a difference at the 
10 % significance level. There was a significant difference in height between the 
three clones (p <0.01) and between chamber treatments. Height was larger inside 
than outside chambers. 
There was still no CO2 effect on height at the end of the experiment (Figure 5.26a 
and Table 5.21) but a difference (p < 0.0001) in height between nutrient treatments 
had developed. Height was always larger at the high nutrient addition rate than at the 
low nutrient addition rate. The differences between clones remained large (p < 
0.0001), but there was no longer a chamber effect. 
A summary of height growth over the three year experiment is shown in Figure 5.28. 
Branch number 
The number of branches were counted for each age class. At the initial harvest there 
were already significant differences in the number of 1992 branches between clones 
(Figures 5.20d, 5.20e and Table 5.18, p  <0.01) although there were no differences in 
the number of 1993 branches. At the end of the first year the difference in 1992 
branch number between clones remained although there were no CO 2 treatment or 
chamber treatment effects on the number of branches (Figures 5.22b, 5.22c and Table 
5.19). There were no significant differences in the 1993 branches in any treatment. 
By the end of the second growing season the only difference in branch number was a 
strong clone effect on 1994 branches (Figures 5.24b, 5.24c, 5.24d and Table 5.20). 
At the end of the experiment there were clone effects on the 1994 and 1995 branches 
(Figure 5.27, p <0.05). There was also a CO 2 treatment effect on 1993 branches (p < 
0.05). There were more 1993 branches in elevated CO2 concentrations than in 
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ambient CO2 concentrations. There was a pronounced effect of nutrient treatment on 
the number of 1995 branches (p < 0.001). The number of 1995 branches were 
consistently smaller at the low nutrient addition rate than at the high nutrient addition 
rate. 
Basal diameter 
There were differences in basal diameter between clones at the initial harvest (Figure 
5.20b and Table 5.18, p <0.01). However, these did not persist to the end of the first 
growing season (Figure 5.23a and Table 5.19. At the end of the first growing season 
there was no CO2 treatment effect (p <0.05) and no chamber effect. 
At the end of the second year of growth there were still no CO 2 treatment or clone 
effects on basal diameter, and there was also no nutrient effect (Figure 5.25a and 
Table 5.20). However, a strong chamber effect had developed (p <0.0001). The 
basal diameters of trees inside chambers were larger than in the outside plot. This 
difference persisted until the end of the experiment (Figure 5.26b and Table 5.21). 
By the end of the third year there was also a strong nutrient effect on the basal 
diameter (p < 0.0001). Figure 5.29 shows mean basal diameters over the three year 
experimental period for each clone, all clones grouped and CO2 and nutrient 
treatments grouped. The biggest differences in basal diameter were the result of 
chamber and nutrient treatment effects. 
Collar diameter 
At the initial harvest there were significant differences in collar diameter between 
clones (Figure 5.20c and Table 5.18, p < 0.01). However, by the end of the first 
growing season these differences had disappeared (Figure 5.23b and Table 5.19). 
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Figure 5.29. Mean tree basal diameter (mm) over three growing seasons for a) Clone A (n = 
10, 8, > 2, 4), b) Clone B (n = 10, 8,> 2), c) Clone C (n = 10, 8, > 2, 4), d) all clones 
grouped (n = 30, 24, 8, 8), e) CO 2 treatments grouped (n = 10, 24, > 14, 24). HCI-IN 
(elevated CO2. high nutrient), HCLN (elevated CO 2 , low nutrient), LCHN (ambient CO 2 , 
high nutrient), LCLN (ambient CO 2 , low nutrient), OFIN (outside plot, high nutrient), OLN 
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Figure 5.30. Mean tree collar diameter (mm) over three growing seasons for a) Clone A (n 
= 10, 8, > 2, 4), b) Clone B (n = 10, 8, > 2), c) Clone C (ii = 10, 8, > 2, 4), d) all clones 
grouped (n = 30, 24, 8, 8), e) CO 2 treatments grouped (n = 10, 24, > 14, 24). HCHN 
(elevated CO2, high nutrient), HCLN (elevated CO 2 , low nutrient), LCHN (ambient CO 2 . 
high nutrient), LCLN (ambient CO 2 , low nutrient), OHN (outside plot, high nutrient), OLN 
(outside plot, low nutrient). All points ± one standard error. 
I 	 I 	 I 
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At the end of the second year the only significant difference in collar diameter was 
between chamber treatments (Figure 5.25b and Table 5.20, p < 0.001). Collar 
diameters were larger inside chambers than in the outside plot. There were no 
nutrient differences at this time. However, by the end of the third growing season, 
there were large differences in collar diameter between nutrient treatments (Figure 
5.26c and Table 5.21, p  <0.0001). Collar diameters were larger at the high nutrient 
addition rate than at the low nutrient addition rate. There were also large differences 
between chamber treatments (p < 0.001) with larger collar diameters inside chambers 
than in the outside plot. There was a significant effect of clone on collar diameter (p 
<0.05). Figure 5.30 shows mean collar diameters over the three year experimental 
period for each clone, all clones grouped and CO2 and nutrient treatments grouped. 
The biggest differences in collar diameter were the result of chamber and nutrient 
treatment effects. 
Needle area 
There were significant differences in needle area between clones at the initial harvest 
(Figure 5.31a and Table 5.22, p  <0.01). By the end of the first growing season these 
clone differences had disappeared (Figure 5.32a and Table 5.23, p <0.05). However, 
at the end of the first year there was a significant CO2 treatment effect on the needle 
area. At elevated CO2 concentrations the needle area was larger than at ambient CO2 
concentrations. 
At the end of the second growing season there were no longer any CO2 or clone 
treatment effects although there was a significant difference between chamber 
treatments (Figure 5.34a and Table 5.24, p  <0.05). The needle areas of plants in the 
outside plot were smaller than in the open top chambers. This difference between 
chamber treatments persisted until the end of the experiment (Figure 5 .36a and Table 
5.25, p <0.01). By the end of the third growing season there was also a significant 
nutrient affect. Needle areas at the high nutrient addition rate were larger than those 
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Table 5.22. 	Statistics for total needle area (m 2 ), specific leaf area (m 2.g 1 ), needle area / 
sapwood area (m 2 .m 2), needle DM I sapwood area (kg.m 2) and needle DM / leader DM (g.g 
I) for clones A, B and C. 	Initial harvest (06/05/93), n = 10. p  values are shown for clone 
(differences between clones A, B and C). 
p VALUES 
Variable Clone 
Needle area 0.0054 
** 
Specific leaf area 0.0001 
needle area / 0.0001 
sapwood area 
needle DM I 0.0001 
sapwood area 
needle DM I 0.0052 
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Figure 5.32. a) Mean needle area (cm 2) and b) mean specific leaf area (cm 2.g5 for clones 
A, B and C. 01/10/93 harvest, n = 8. HC (elevated CO2), LC (ambient CO2) and 0 (outside 
plot). All bars ± one standard error. 
Table 5.23. Statistics for needle area (CM),  specific leaf area (cm 2 .g'), needle area / 
sapwood area (m 2 .m 2), needle dry mass / sapwood area (kg.m 2) and needle dry mass I stem 
dry mass (g.g') in clones A, B and C. 01/10/93 harvest, n = 8. p values are shown for CO2 
(elevated CO 2 vs ambient CO?), clone (differences between clones A,B and C), interaction 
(CO2-clone interaction) and chamber (chamber vs no chamber). 
p VALUES 
Variable CO Clone Interaction Chamber 
Needle area 0.0103 0.5869 0.6202 0.4 156 
* 
Specific leaf area 0.1212 0.0008 0.3883 0.5231 
** 
needle area 0.2124 0.0863 0.1852 0.0627 
sapwood area 
needle DM/ 0.1221 0.0227 0.3068 0.0517 
sapwood area * 
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Figure 5.33. a) Mean needle area / sapwood area (m 2 .m 2), b) mean needle DM / sapwood 
area (kg.m 2) and c) mean needle DM / leader DM (g.g 1 ) for clones A, B and C. 01/10/93 

















Figure 5.34. a) Mean needle area (cm 2) and b) mean specific leaf area (cm 2.g) for clones A, 
B and C. 20/09/94 harvest. HCHN (elevated CO2. high nutrient), HCLN (elevated CO 2 , low 
nutrient), LCHN (ambient CO2, high nutrient), LCLN (ambient CO,. low nutrient), OHN 
(outside plot, high nutrient), OLN (outside plot, low nutrient); n = 8. Clones A, B and C; n 
> 14. All bars ± one standard error. 
Table 5.24. Statistics for needle area, specific leaf area, needle area / sapwood cross-
sectional area, needle DM / sapwood cross-sectional area and needle DM / leader DM in 
clones A, B and C. 20/09/94 harvest (n = 8). p  values are shown for CO2 (elevated CO2 vs 
ambient CO2), nutrient (high nutrient vs low nutrient), clone (clone A i's clone C), chamber 
(chamber vs no chamber), CO 2 x nutrient (C07-nutrient interaction), CO 2 x clone (CO,-




CO2 CO2 Nutrient x nutrient 
Variable CO2 Nutrient Clone Chamber x nutrient x clone x clone x clone 
Needle 0.4406 0.4112 0.2386 0.0101 0.2536 0.4290 0.7307 0.1915 
area * 
Specific 0.0084 0.0637 00426 0.7659 0.8138 0.6497 0.9418 0.0934 
leaf area ** * 
leaf area 0.7841 0.0557 0.7664 0.7955 0.1528 0.6322 0.4701 0.4759 
sap. area 
leaf DM/ 0.4733 0.2350 0.6215 0.6546 0.0525 0.5942 0.2544 0.6367 
sap. area 
leaf DM/ 0.3389 0.0016 0.1713 0.9812 0.0752 0.4782 0.3406 0.5175 


















Figure 5.35. a) Mean needle area / sapwood cross-sectional area (m 2 .m 2 ), b) mean needle 
DM / sapwood cross-sectional area (kg.m 2) and c) mean needle DM / leader DM (g.g') for 
clones A, B and C. 20/09/94 harvest. HCHN (elevated CO,, high nutrient), HCLN (elevated 
CO,, low nutrient), LCHN (ambient CO,, high nutrient), LCLN (ambient CO-), low nutrient), 
OHN (outside plot, high nutrient), OLN (outside plot, low nutrient); n = 8. Clones A, B and 












Figure 5.36. a) Mean total needle area (cm 2) for clones A and C and b) Mean specific leaf 
area (SLA, cm 2 .9
1 ) for clones A and C. Final harvest (09/10/95), n = 4. HCHN (elevated 
CO,, high nutrient), HCLN (elevated CO 2 . low nutrient), LCHN (ambient CO2. high 
nutrient), LCLN (ambient CO,, low nutrient), OHN (outside plot, high nutrient), OLN 
(outside plot, low nutrient). All bars ± one standard error. 
Table 5.25. Statistics for total leaf area (cm 2) and specific leaf area (SLA, cm 2 .g) at the 
final harvest (09/10/95). p  values are shown for CO 2 (elevated CO 2 vs ambient CO 2), 
nutrient (high nutrient vs low nutrient), clone (clone A vs clone C), chamber (chamber vs no 
chamber), CO 2 x nutrient (CO,-nutrient interaction), CO, x clone (CO,-clone interaction), 




CO2 CO2 Nutrient x nutrient 
Variable 	CO2 Nutrient Clone Chamber x nutrient x clone x clone x clone 
Leaf area 	0.2922 0.0007 0.1160 0.0039 0.3535 0.3324 0.0393 0.1500 
** * 
SLA 	0.0168 0.1061 0.0003 0.0008 0.3225 0.5283 0.5748 0.0947 















Figure 5.37. a) Needle area / stem cross-sectional area (m 2 .m 2) for clones A and C, b) needle dry 
mass / stem cross-sectional area (g.m 2 ) for clones A and C and c) needle dry mass / stem dry mass 
(g.g) for clones A and C. Final harvest (09/10/95), n = 4. HCHN (elevated CO', high nutrient), 
HCLN (elevated CO 2 , low nutrient), LCHN (ambient CO 2 , high nutrient), LCLN (ambient CO,, low 
nutrient), OHN (outside plot, high nutrient), OLN (outside plot, low nutrient). All bars ± one standard 
error. 
Table 5.26. Statistics for needle area / stem cross-sectional area (m 2 .m 2), needle dry mass / stem 
cross-sectional area (g.m 2 ) and needle dry mass / stem dry mass (g.g 1 ) at the final harvest (09/10/95). 
p values are shown for CO 2 (elevated CO, i's ambient CO2 ), nutrient (high nutrient vs low nutrient), 
clone (clone A vs clone C), chamber (chamber vs no chamber), CO 2 x nutrient (CO 2-nutrient 
interaction), CO 2 x clone (CO-clone interaction), nutrient x clone (nutrient-clone interaction) and 
CO, x nutrient x clone (CO 2-nutrient-clone interaction). 
p VALUES 
CO, 
CO2 	CO, 	Nutrient x nutrient 
Variable 	CO2 	Nutrient Clone Chamber x nutrient x clone x clone 	x clone 
leaf area! 	0.2961 0.8022 0.1376 0.0033 0.0176 0.5354 	0.6728 	0.1386 
sap. area ** * 
leaf DM/ 	0.5649 0.9840 0.4383 0.0128 0.0144 0.4901 	0.7366 	0.0532 
sap.area * * 
leaf DM/ 	0.9654 0.0180 0.0036 0.0150 0.0485 0.9789 	0.0420 	0.4817 
stem DM * ** * * * 
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Specific leaf area 
There was a large difference in specific leaf area between the three clones at the first 
harvest (Figure 5.3 1b and Table 5.22, p  <0.0001). This difference in specific leaf 
area between clones persisted throughout the three year experiment (Figures 5.32b, 
5.34b, 5.36b and Tables 5.23, 5.24, 5.25; p < 0.05). The differences between clones 
were the only significant effect on specific leaf area during the first years growth 
(Figure 5.32b and Table 5.23). 
By the end of the second growing season there was a significant CO 2 treatment effect 
on the specific leaf area (Figure 5.34b and Table 5.24, p <0.01). At elevated CO2 
concentrations the specific leaf area was smaller than at ambient CO2 concentrations. 
A smaller specific leaf area implies that the leaves were relatively heavier per unit of 
leaf area. There were no nutrient or chamber effects on the specific leaf area at this 
time. 
At the end of the experiment there were differences in specific leaf area between 
CO2, nutrient and chamber treatments (Figure 5.36b and Table 5.25, p < 0.05). 
Specific leaf areas were larger in the outside plot than inside open top chambers, and 
smaller at elevated CO 2 concentrations than at ambient CO 2 concentrations. There 
was no nutrient treatment effect on the specific leaf area. 
Needle area / sapwood area 
Although there were significant differences between clones in the needle area 
sapwood area ratio at the initial harvest (Figure 5.3 1c and Table 5.22), these 
differences did not persist (Figures 5.33a, 5.35a, 5.37a and Tables 5.23, 5.24, 5.26; p 
<0.05). During the three year experiment, the only significant difference between 
treatments was a chamber effect at the final harvest. The needle area: sapwood area 
ratio was larger in the outside plot than it was inside open top chambers. 
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Needle dry mass / sapwood area 
There was an initial significant difference in needle dry mass : sapwood area ratio 
(Figure 5.3 1d and Table 5.22), which persisted until the end of the first growing 
season (Figure 5.33b and Table 5.23). The only other significant difference between 
treatments was a chamber effect at the last harvest (Figures 5.35b, 5.37b and Tables 
5.24, 5.26; p <0.05). The needle dry mass : sapwood area ratio was larger in the 
outside plot than it was inside the chambers. 
Needle : stem ratio 
The initial significant difference in needle : stem ratio between the different clones 
(Figure 5.3 le and Table 5.22, p < 0.01) did not last the first growing season (Figure 
5.33c and Table 5.23, p  <0.05). There were no CO2, clone or chamber effects at the 
end of the first growing season. The only significant effect at the end of the second 
growing season was a nutrient effect (Figure 5.35c and Table 5.24, p < 0.01). The 
needle dry mass : stem dry mass ratio was increased by growth at the low nutrient 
addition rate. An increase in the needle dry mass : stem dry mass ratio indicates a 
relative increase in the needle allocation when compared to the leader allocation. 
At the final harvest there was still a strong nutrient effect on the needle : stem ratio 
(Figure 5.37c and Table 5.26, p < 0.05). There were also renewed clone differences 
and a significant difference between chamber treatments. The needle stem ratio 
tended to be higher in the outside plot than inside open top chambers. 
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Nutrients 
Initial harvest (06105193) 
Results for the nutrient concentration (mg.g') of leaf and root material at the initial 
harvest are presented in Figure 5.38 and Table 5.27. There were large differences in 
nutrient concentrations between clones. Needle nitrogen, potasium, calcium and 
magnesium concentration depended strongly on the clone. Root nitrogen, 
phosphorus, potasium and magnesium concentrations were also strongly clone 
dependent. The initial concentrations of all nutrients were high. Normal 
concentrations of needle nitrogen are between 10 and 20 mg.g'. Needle nitrogen, 
phosphorus and potasium concentrations were larger than the respective root 
concentrations, while for calcium and magnesium the root concentrations were larger 
than the needle concentrations. 
01110193 harvest 
At the end of the first growing season there were marked effects on the needle 
nutrient concentrations (Figure 5.39 and Table 5.28). CO2 treatment had a significant 
effect on the needle nitrogen, phosphorus, calcium and magnesium concentrations. 
Nutrient concentrations were consistently decreased by elevated CO2 concentrations 
when compared to ambient CO2 concentrations. There were still significant 
differences between clones in the needle phosphorus, calcium and magnesium 
concentrations. There were also large differences between the two chamber 
treatments on all nutrients except nitrogen. Needle nutrient concentrations were 
consistently lower in the outside plot than inside the open top chambers. 
238 
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Figure 5.38. Nutrient concentrations (mg.g') of (i) needles and (ii) roots for clones A, B 
and C at the initial harvest (06/05/93). a) nitrogen, b) phosphorus, c) potassium, d) calcium 
and e) magnesium. n = 6. All points ± one standard error. 
Table 5.27. Statistics for nutrient concentrations of needle and root fractions at the initial 
(06/05/93) harvest (n = 6). p  values are shown for clone effect (differences between clones). 
p VALUES (clone effect) 
Nutrient 	Nitrogen Phosphorus 	Potassium Calcium Magnesium 
Needle 	0.0003 0.5539 	0.0007 0.0001 0.0001 
** ** 
Root 	0.0001 0.0042 	0.0001 0.7074 0.0009 
** *** ** 
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Figure 5.39. Nutrient concentrations (mg.g') for needles of (i) clone A, (ii) clone B and (iii) 
clone C at the 01/10/93 harvest, a) nitrogen, b) phosphorus, c) potassium, d) calcium and e) 
magnesium. HC (elevated CO2), LC (ambient CO2) and 0 (outside plot). n > 10. All points 
± one standard error. 
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p VALUES 
Nutrient CO2 Clone Interaction Chamber 
Nitrogen 0.0027 0.0765 0.0025 0.8576 
** ** 
Phosphorus 0.0096 0.0001 0.0001 0.0001 
** 
Potassium 0.4508 0.3405 0.0008 0.0015 
** ** 
Calcium 0.0444 0.0001 0.1672 0.0006 
* *** ** 
Magnesium 0.0016 0.0001 0.0509 0.0002 
** *** ** 
Table 5.28. Statistics for nutrient concentration for needles of clones A, B and C at the 
01/10/93 harvest (n > 10). p values are shown for CO2 (elevated CO 2 vs ambient CO 2), 
clone (differences between clones A, B and C), interaction (CO 2-clone interaction) and 
chamber (chamber vs no chamber). 
20109194 harvest 
By the end of the second year there were no longer significant differences between 
chamber and clone treatments in any nutrient (Figure 5.40 and Table 5.29, p < 0.05). 
However, there were still significant differences in the needle nitrogen, calcium and 
magnesium between CO2 treatments. Nitrogen, calcium and magnesium 
concentrations were all lower in elevated CO2 concentrations than in ambient CO2 
concentrations. There was also a significant effect of nutrient treatment on the 
magnesium concentration of needles. 
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Figure 5.40. Nutrient concentrations (mg.g') for needles of (i) CO 2 and nutrient treatments 
and (ii) clones A, B and C at 20/09/94 harvest, a) nitrogen, b) phosphorus, c) potassium, d) 
calcium and e) magnesium. HCHN (elevated CO2. high nutrient), HCLN (elevated CO2, low 
nutrient), LCI-IN (ambient CO 2, high nutrient), LCLN (ambient CO 2 , low nutrient), OHN 
(outside plot, high nutrient) and OLN (outside plot, low nutrient). n > 6. All bars ± one 
standard error. 
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Table 5.29. Statistics for nutrient concentration for needles of clones A, B and C at the 
20/09/94 harvest (n = 8). p  values are shown for CO 2 (elevated CO 2 vs ambient CO2), 
nutrient (high nutrient vs low nutrient), clone (clone A vs clone C), chamber (chamber vs no 
chamber), CO 2 x nutrient (CO2-nutrient interaction), CO 2 x clone (CO2-clone interaction), 




CO2 CO2 Nutrient x nutrient 
Variable CO2 Nutrient Clone Chamber x nutrient x clone x clone x clone 
Nitrogen 0.0053 0.2443 0.3937 0.0803 0.6838 0.6241 0.2263 0.8141 
** 
Phosphorus 0.4973 0.9866 0.4611 0.8302 0.8519 0.6422 0.5064 0.4847 
Potassium 0.0512 0.9037 0.9425 0.3536 0.7311 0.1396 0.7717 0.9872 
Calcium 0.0231 0.1072 0.0604 0.4650 0.2889 0.5545 0.7116 0.5806 
* 
Magnesium 0.0126 0.0414 0.2976 0.5458 0.3616 0.1579 0.9002 0.5463 
* * 
09110195 harvest 
Results for leaf and root nitrogen and phosphorus at the final harvest are presented in 
Figure 5.41 and Table 5.30. Leaf nitrogen concentration was significantly affected 
by CO2, nutrient and chamber treatments. At elevated CO2 concentrations or at the 
high nutrient addition rate there was less leaf nitrogen than at ambient CO2 
concentrations or at the low nutrient addition rate. However, there were no 
significant differences in leaf phosphorus concentration in any treatment. 
There was a significant effect of nutrient and chamber treatments on the root nitrogen 
concentration. Root nitrogen concentrations were reduced by the low nutrient 
addition rate and by the outside treatments when compared to the high nutrient 
addition rate or the inside open top chamber treatments. There were chamber and 
CO2 treatment effects on the root phosphorus concentration. Root phosphorus 
concentrations were decreased by elevated CO2 concentrations or by the outside plot 






























Figure 5.41. Nutrient concentration (mg.g') for (i) Clone A and (ii) Clone C at the final 
harvest (09/10/95). a) Needle nitrogen, b) Needle phosphorus, c) root nitrogen and d) root 
phosphorus. HCHN (elevated CO 2. high nutrient), HCLN (elevated CO 2 , low nutrient), 
LCHN (ambient CO 2, high nutrient), LCLN (ambient CO 2 , low nutrient), OHN (outside plot, 
high nutrient) and OLN (outside plot, low nutrient). n > 4. All bars ± one standard error. 
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Table 5.30. Statistics for needle nitrogen, needle phosphorus, root nitrogen and root 
phosphorus concentrations (mg.g') at the final harvest (09/10/95). n > 4. p  values are 
shown for CO2 (elevated CO 2 vs ambient CO2), nutrient (high nutrient vs low nutrient), 
clone (clone A vs clone C), chamber (chamber vs no chamber), CO2 x nutrient (CO2-nutrient 
interaction), CO 2 x clone (CO2-clone interaction), nutrient x clone (nutrient-clone 
interaction) and CO 2 x nutrient x clone (CO2-nutrient-clone interaction). 
p VALUES 
Co2 
CO2 CO2 Nutrient x nutrient 
Variable CO2 Nutrient Clone Chamber x nutrient x clone x clone x clone 
Leaf N 0.0041 0.0001 0.3238 0.0002 0.0719 0.5553 0.1003 0.9850 
** ** 
Leaf P 0.1323 0.7593 0.6031 0.1351 0.2315 0.7815 0.1237 0.1162 
Root N 0.0648 0.0141 0.3043 0.0015 0.4745 0.7458 0.5424 0.5235 
* ** 
Root P 0.0327 0.8977 0.8313 0.0001 0.3567 0.2013 0.7080 0.7136 
* *** 
Starch 
Starch concentrations for current year needles at the final harvest are presented in 
Figure 5.42 and Table 5.31. There was a significant effect of CO2 treatment on the 
needle starch concentration (p <0.05). In elevated CO2 concentrations and at the low 
nutrient addition rate the starch concentration was higher than in ambient CO2 
concentrations and at the low nutrient addition rate. At the high nutrient addition 
rate, there were no differences in starch concentrations between treatments. There 
was a strong nutrient effect on the starch concentration of needles (p <0.0001). The 
starch concentration was more than trebled at the low nutrient addition rate when 
compared to the high nutrient addition rate. There were no clone or chamber effects 
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Figure 5.42. Mean starch concentration for 1995 needles (mg.g'). a) CO2 and nutrient 
treatments and b) clones A and C. Final harvest (09/10/95), n = 5. HCHN (elevated CO2, 
high nutrient), HCLN (elevated CO 2, low nutrient), LCHN (ambient CO2. high nutrient), 
LCLN (ambient CO2, low nutrient), OHN (outside plot, high nutrient), OLN (outside plot, 
low nutrient). All bars ± one standard error. 
Table 5.31. Statistics for current year needle starch concentration (mg.g') at the final 
harvest (09/10/95). p  values are shown for CO2 (elevated CO2 vs ambient CO2), nutrient 
(high nutrient vs low nutrient), clone (clone A vs clone C), chamber (chamber vs no 
chamber), CO2 x nutrient (CO2-nutrient interaction), CO2 x clone (CO2-clone interaction), 




CO2 	CO2 	Nutrient x nutrient 
	
Variable 	CO2 	Nutrient Clone Chamber x nutrient x clone x clone 	x clone 
Starch 	0.0204 	0.0001 	0.1620 	0.7417 	0.0134 	0.5117 	0.7612 	0.1646 




Figure 5.43 shows the average assimilation rate (A, jimol.m 2 .s 1 ) measured at two 
concentrations of CO 2 (350 jimol.moF 1 and 700 jimol.moF') on the 11/08/94. There 
were no significant differences in assimilation rate between CO 2 treatments at either 
measurement level (Table 5.32, p < 0.05). However, there were strong effects of 
nutrient and chamber treatment on the assimilation rate. The low nutrient addition 
rate had dramatically smaller assimilation rates when compared to the high nutrient 
addition rate. The assimilation rate was increased by the outside plot treatment when 
compared to the inside open top chamber treatment. There was a significant 
difference in A between clones and between CO 2 measurement concentrations. The 
assimilation rate was larger when measured at 700 pmol.moF 1 than when measured 
at 350 imol.mol' regardless of treatment. The assimilation rate for plants from the 
elevated CO2 treatment measured at 700 tmo1.mol 4 was 35 % larger than for plants 
from the ambient CO 2 treatment measured at 350 pmol.moF'. 
There were significant effects of nutrient and chamber treatment on the stomatal 
conductance measured at 350 tmol.moF' and 700 .tmol.mol' (Figure 5.44 and Table 
5.33, p <0.01). The stomatal conductance (ge, mol.m 2.s 1 ) was 46 % smaller at the 
low nutrient addition rate than at the high nutrient addition rate and was 59 % larger 
in the outside plot than inside the open top chambers. There were no clone or CO 2 
treatment effects on g. However, there was a significant effect of CO 2 measurement 
concentration on the stomatal conductance. Trees measured at 700 pmol.moF 1 had 
values of gc which were an average of 24 % smaller than trees measured at 350 
jimol.moY 1 . The stomatal conductance for plants from the elevated CO 2 treatment 
measured at 700 pimol.mol' was 32 % smaller than for plants from the ambient CO 2 
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Figure 5.43. Assimilation rate (j.tmol.m 2 .s5 measured at two concentrations of CO2 (350 
tmol.moV' and 700 l.lmol.moF') on 11/08/94. a) CO2 and nutrient treatments. n > 5. 
b) clones A, B and C, all treatments grouped. n > 8. HCHN (elevated CO,, high nutrient), 
HCLN (elevated CO,, low nutrient), LCHN (ambient CO2. high nutrient), LCLN (ambient 
CO2. low nutrient), OHN (outside plot, high nutrient), OLN (outside plot, low nutrient). All 
bars ± one standard error. Arrows indicate growth treatments. 
Table 5.32. Statistics for assimilation rate (imol.m 2 .s 1 ) measured at two concentrations of 
CO2 (350 .tmol.mol and 700 tmol.moF') and in clones A, B and C on the 11/08/94. n > 5. 
p values are shown for CO2 (elevated CO2 vs ambient CO2), nutrient (high nutrient vs low 
nutrient), clone (differences between clones), chamber (chamber vs no chamber), 
[measurement] (measured at 350 limol.mol' vs measured at 700 l.tmol.moF'), CO.) x nutrient 
(CO2-nutrient interaction), CO2 x clone (CO2-clone interaction), nutrient x clone (nutrient-
clone interaction) and CO2 x nutrient x clone (CO,-nutrient-clone interaction). 
p VALUES 
Effects: 	CO2 	Nutrient 	Clone 	Chamber 	[Measurement] 
A 	 0.5046 	0.0001 0.0492 0.0009 0.0001 
*** * ** 
CO2 
CO2 CO, Nutrient x nutrient 
Interactions: 	 x nutrient x clone x clone x clone 
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Figure 5.44. gç (mol.m 2 .s 1 ) measured at two concentrations of CO 2 (350 l.tmol.moF' and 
700 jJ.mol.mol') on 11/08/94. a) CO 2 and nutrient treatments. n > 5. b) clones A, B and C, 
all treatments grouped. n > 8. HCHN (elevated CO2. high nutrient), HCLN (elevated CO2, 
low nutrient), LCHN (ambient C07, high nutrient), LCLN (ambient CO2, low nutrient), 
OHN (outside plot, high nutrient), OLN (outside plot, low nutrient). All bars ± one standard 
error. Arrows indicate growth treatments. 
Table 5.33. Statistics for g (mol.m 2 .s 1 ) measured at two concentrations of CO2 (350 
pimol.mol 1 and 700 .tmol.mol') and in clones A, B and C on the 11/08/94. n > 5. p  values 
are shown for CO2 (elevated CO 2 vs ambient CO 2), nutrient (high nutrient vs low nutrient), 
clone (differences between clones), chamber (chamber vs no chamber), [measurement] 
(measured at 350 imol.mol 1 vs measured at 700 llmol.mol'), CO2 x nutrient (CO 2-nutrient 
interaction), CO 2 x clone (CO,-clone interaction), nutrient x clone (nutrient-clone 
interaction) and CO, x nutrient x clone (CO,-nutrient-clone interaction). 
p VALUES 
Effects: 	CO, 	Nutrient 	Clone 	Chamber 	[Measurement] 
9C 	 0.9271 	0.0045 	0.1637 	0.0024 	0.0001 
** ** 
CO2 
col 	CO2 	Nutrient 	x nutrient 
Interactions: 	 < nutrient x clone x clone x clone 
g 
	
0.0061 	0.2979 	0.2255 	0.1420 
** 
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(elevated CO 2, high nutrient), HCLN (elevated CO 2, low nutrient), LCHN (ambient CO. 
high nutrient'). LCLN (ambient CO. low nutrient). OHN (outside plot, high nutrient). OL\ 
(outside 	 . 	 . . .. 	 .. 	 H 
treatment 
Table 5.34. Statistics br instantaneous water use efficiency (rnmol.mol ) measured it I\\ 
concentrations of CO2 (350 i.tmol.moF' and 700 p.mol.mol5 and in clones A, B and C on th/ 
11/08/94. n > 5. p  values are shown for CO 2 (elevated CO2 vs ambient CO2), nutrient (hip 
nutrient vs low nutrient), clone (differences between clones), chamber (chamber vs i 
chamber), [measurement] (measured at 350 .tmol.mol 1 vs measured at 700 jimoi.mor5, Co 
x nutrient (CO 2-nutrient interaction), CO2 x clone (CO,-clone interaction), nutrient x cIl1C 
nutrient-clone interaction and CO , x nutrient x clone (Co  intCrlct ion 
p VALLIS 
Effects: 	 Co' Vut,u,ii 	Clonc 	( /ldIil/)( r 	O le 	110 
0.! 	 ().U)O 	 0.2kO 	 0.(07 1) 	0.01 
(0 	 NUtiICr1t 	 111 11  
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There were no significant differences in the instantaneous water use efficiency 
between CO2. nutrient, clone or chamber treatments (Figure 5.45 and Table 5.34, p < 
0.05). However, there was a significant effect of CO2 measurement concentration on 
WUE. The water use efficiency measured at 700 limol.mol' was an average of 107 
% larger than the water use efficiency measured at 350 p.mol.mol* The WUE for 
plants from the elevated CO 2 treatment measured at 700 tmol.mol' was 101 % 
ttin G)r tr.: f-111) !h' 	(fl 
The relation  io  lwl ceoI and ( 
The measurements of assimilation rate (A) plotted in relation to intercellular CO 
concentration (C1) for plants grown inside the open top chambers are shown in Figure 
5.46a. For both nutrient treatments the elevated CO 2 treatment had lower values of A 
for a given Ci than the ambient CO 2 treatment. Similarly points for the high nutrient 
treatment had higher values of A for a given C1 than points for the low nutrient 
treatment. This suggests that there may have been some downregulation of 
1)ho1ovnthe'is at elevated CO- conccntnitlons or at the low nutrient addition rate. 
Values for the photosynthetic parameters Jm, Vcmax and Rd were obtained by fitting 
the Farquhar et a! (1980) model of leaf photosynthesis to the measured gas exchang 
data using the spreadsheet developed by de Pury & Farquhar (1997). Vmax W 
determined from the slope of the A-C 1 curve at Ci concentrations of 50 - 4( 
.tmol.mol' while Jmax was determined from the saturating portion of the cur' 
high CO2 concentrations (800 imol.mol'). Parameter values were optimise 
adjusting them so as to minimise the sums of residuals between observed ar 
modelled assimilation values over a range of CO2 concentrations (de Pury 
Farquhar, 1997). The average values of these parameters are shown in Table 5.3 
Figure 5.46 b) shows an example of the fit of the Farquhar et al (1980) model 
photosynthesis to an individual A-C 1 curve for a plant grown at ambient CO2 
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Figure 5.46. a) The relationship between assimilation rate (A, imol.m 2 .s') and intercellular 
CO 2 concentration (C, tmol.mol 1 ) for grouped Sitka spruce clones. Measurements made 
on the 31/08/94. n = 4. HCHN (elevated CO 2. high nutrient), HCLN (elevated CO 2 , low 
nutrient), LCHN (ambient CO2. high nutrient) and LCLN (ambient CO 2 , low nutrient). b) 
An example of the fit of the Farquhar et a! (1  1980) model of photosynthesis to an A-C1 curve 
(plant grown at ambient CO 2 concentration and at the low nutrient addition rate). A j shows 
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Figure 5.47. Summary A-C curves for plants grown inside chambers. Curves plotted from 
average J, V,, and Rd values for each treatment. Measurements made on 31/08/94, n = 
4. 
Table 35. Photosynthetic parameters. J, (jimol.m 2.s 1 ) - the potential rate of electron rate 
per unit leaf area, V,, (jimol.m 2 .$) - the photosynthetic Rubisco capacity per unit leaf 
area and Rd (imol.m 2.$) - the mitochondrial respiration in the light, per unit leaf area. All 
figures ± one standard error. HCHN (elevated CO,, high nutrient), HCLN (elevated CO2. 
low nutrient), LCHN (ambient CO 2 , high nutrient) and LCLN (ambient CO2. low nutrient). 
Figures for clones A, B and C are grouped across CO2 and nutrient treatments. 
Measurements made on the 31/08/94, n = 4. p  values are shown for CO2 (elevated CO 2 vs 
ambient CO,), nutrient (high nutrient vs low nutrient), clone (differences between clones), 
CO, x nutrient (CO2-nutrient interaction), CO2 x clone (CO 2-clone interaction) and nutrient 
x clone (nutrient-clone interaction). 
TREATMENT 
Variable HCHN HCLN LCHN LCLN Clone A Clone B Clone C 
Jnmx 52.0 32.4 90.9 49.3 62.6 54.0 49.6 
+3.77 +3.61 +10.9 +1.12 ± 15.9 ± 15.5 +8.43 
21.7 14.0 38.2 20.7 25.8 22.7 20.6 
+1.40 ± 1.55 ±4.72 +0.30 ±7.00 +6.41 +3.33 
Rd -1.36 -1.16 -1.79 -1.31 -1.46 -1.38 -1.25 
+0.18 +0.09 +0.24 +0.11 +0.11 +0.26 +0.20 
p VALUES 
CO2 CO2 Nutrient 
CO2 Nutrient Clone x nutrient x clone x clone 
jfmx 0.0127 0.1838 0.6844 0.3461 0.6357 0.8213 
* 
V. 0.0217 0.1731 0.6087 0.3008 0.5990 0.6686 
* 
Rd 0.2300 0.3161 0.6810 0.4257 0.5861 0.5008 
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The curves shown in Figure 5.47 are summary A-C1 curves plotted using average 
values of jmax, vrma,, and Rd for each treatment. The differences between nutrient 
treatments were not significant and there was therefore no evidence of 
downregulation at the low nutrient addition rate. However, there were significant 
differences in the values of J,,,a.,and Vcma,( between CO 2 treatments. Values of Jrnax 
were an average of 39 % smaller at elevated CO 2 concentrations than at ambient CO2 
concentrations. Vcmax was an average of 38 % smaller at elevated CO2 concentrations 
than at ambient CO2 concentrations. The lower values of Jmax  and Vcniax are evidence 
for downregulation of photosynthesis at elevated CO 2 concentrations. 
There were no significant differences in the A-C relationship between the different 
clones. 
DISCUSSION 
Control of growth 
Photosynthesis and downregulation 
In the first year the large increases in growth resulting from elevated CO2 
concentrations must be attributable to increased rates of assimilation. A wide range 
of literature sources have reported that at elevated CO2 concentrations the rate of 
assimilation is increased (Drake et a!, 1997; Heath & Kerstiens, 1997). However, 
during the second year the results for the relation between the assimilation rate and 
the intercellular CO2 concentration show that there was a downregulation of 
photosynthesis. A number of authors have shown that in the long term elevated CO2 
concentrations caused a downregulation of photosynthesis (Wullschleger, 1993; 
Gunderson & Wullschleger. 1994; Stirling et a!, 1997). The differences in 
concentrations of starch and nutrient between CO 2 treatment suggest that 
downregulation was a consequence of a feedback between carbon and nitrogen 
availabilities. In elevated CO2 concentrations there were lower concentrations of 
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nitrogen potassium, calcium and inagnesIL1111 which may have limited the use of 
assimilated carbon resulting in a build up of starch which disrupted the 
photosynthetic system. Mousseau & Saugier (1992) reviewed the possible 
mechanisms for downregulation which included the suggestion that nutrient 
limitation reduced sink activity leading to a build up of starch which disrupted the 
flhotovn!hCtic \LtCfl 
iiii 	L11 	1(-)(-)L component NNaL,, larger in elevated (J( 
concentrations than in ambient CO2 concentrations and this suggests that despi 
downregulation of photosynthesis there was still a larger assimilation rate at 7: 
p.mol.moF' than at 350 limol.mol 1 . This was shown by the photosynthesis &A 
Although there were no signilicant eliects 
between the assimilation rate and intercellular CO2 concentration, the curves for the 
low nutrient addition rate had substantially lower asymptotes than for the high 
nutrient addition rate suggesting that there may have been some downregulation 
which was not significant due to the small sample size. If as suggested above 
downregulation was initiated by a low nutrient concentration then it is surprising that 
the low nutrient addition rate did not lead to downregulation. Previously it has been 
suggested that the extent of downregulation should depend on the degree of nutrient 
1 mitat n ( Arp. 199 I : Sac. 1994 
Capture Of resources - C. & A 
The growth rate was partly controlled by the rate of uptake of resources. During the 
first year in elevated CO 2 concentrations there was an increase in growth which was 
associated with an increase in the rate of CO 2 uptake. During the second year this 
increase in growth had disappeared at elevated CO2 concentrations because there was 
a reduction in the rate of CO2 uptake as a result of downregulation. However. 
downregulation alone does not explain the observed reversal of the CO2 effect. 
Despite downregulation. plants in elevated CO2 concentrations still had higher rates 
of assimilation than those in ambient CO2 concentrations. The relative growth rate in 
ambient CO2 concentrations was higher than in elevated CO2 concentrations 
suggesting that the extra assimilate which was fixed by plants in elevated CO2 
concentrations must have been lost from the plant. Elevated CO2 concentrations may 
have increased the respiration rate, increased the rate of fine root turnover or 
increased the exudation of carbon compounds from the leaves or roots (Norby et al, 
1992; Norby, 1994). Murray et a! (1994) found that elevated CO2 concentrations 
reduced the length of the growing season when compared to ambient CO2 
concentrations. A shorter growing season with higher assimilation rates at elevated 
CO2 could be equivalent to a longer growing season with lower assimilation rates. 
Murray et a! (1996) grew Sitka spruce at ambient and elevated CO2 concentrations 
for three years and found similar results. They found that at the end of the first years 
growth there was an increase in dry mass at elevated CO2 concentrations, but at the 
end of three years there was no significant difference in dry mass between the two 
CO2 treatments. 
The rate of nutrient capture had a marked effect on growth of the trees, although the 
onset of this effect was delayed by a year from the first imposition of the split 
nutrient treatments. Despite a very large reduction in the rate of carbon assimilation 
at the low nutrient addition rate, there were no differences in growth between nutrient 
treatments at the end of the second year. However, at the end of the third year there 
were very large reductions in dry mass as a result of the low nutrient treatment. The 
reduction in assimilation rate at the low nutrient addition rate was accompanied by a 
reduction in the stomatal conductance. The lack of any nutrient effect on the dry 
mass during the second year shows the importance of the determinate growth pattern 
on the response of Sitka spruce. During the second year growth was influenced more 
by the previous years conditions than by the current years conditions. 
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Townend (1995) also reported that a low nutrient addition to Sitka spruce growing at 
elevated and ambient CO2 concentrations reduced dry mass when compared to a 
higher nutrient addition 
Aced/c ruii'tIi 
The large increase in dry mass at elevated CO concentrations during the first 
erowing season was partly attributable to an increase in the rate of photosynthesis per 
unit of needle area but was also the result of an overall increase in needle area. Thk 
is opposite to the reductions in needle area at elevated CO2 concentrations which 
were reported by Murray et a! (1996). However, Ceulemans & Mousseau (1994 
indicate that elevated CO 2 concentrations generally increase the total leaf area of tree 
species. 
At the end of the second and third year there were no longer any differences in the 
needle area and this coincided with a reduction of the CO2 effect on growth. 
Nurent ireatinent had a large effect on the needle area. The high nutrient addition 
rate led to a larger needle area which could support a higher carbon assimilation rate 
on a whole plant basis and therefore an enhancement of growth when compared to 
the low nutrient addition rate. Chandler & Dale (1995) showed that the projected 
area of Sitka spruce needles was reduced by limiting nitrogen conditions. Growth in 
open top chambers also increased the needle area and was associated with an increase 
in growth when compared to the outside plot. This difference in needle area between 
trees grown inside the pcn top chambers and in the outsidc plot is also reported by 
Murray ci ul I 
)i11cicncc in spccilic hat alca lCt\\ccII (() tfcat!flCnN cflI\ 	'aFc1 alter the Iirt 
'ear. The smaller specific leaf area in elevated CO2 concentrations implies that 
needles were relatively heavier than in ambient CO2 concentrations. The reason for 
ihH oiilki'cnec in Ic]a[]'.0 needle 	na 	i 	that cicvatcd CC)- ccnecntratinn 
dramatically increased the amount of starch in the needles. Ceulemans & Mousseau 
(1994) also reported that an increase in dry mass of a unit leaf area at elevated CO2 
concentrations was observed in all the cases they reviewed. 
Determinate grot'tIi 
By the end of the first year there had been large differences in growth between the 
two CO2 treatments. At first sight this suggests that the hypothesis that the 
determinate growth pattern would delay the cffect ol growth conditions should be 
rejected. However, study of the height growth charts over the year show that growth 
was split into two distinct phases. During the first phase growth was determinate and 
the number of needles was determined by primordia formation the previous autumn. 
But during the second phase of 'lammus growth', there was a period of indeterminate 
growth. This period of free growth allows Sitka spruce to take advantage of 
particularly good growing conditions. The harvest dates were insufficient to 
distinguish between the two phases of growth and it would have been useful to have 
had a harvest between the two periods. Murray et al (1996) showed that the relative 
growth rate during the first part of the growing season at elevated CO2 concentrations 
were the same for ambient and elevated CO 2 treatments and that the rate of growth 
did not increase until the 'lammus' period of growth. However, Chandler & Dale 
(1995) present data which suggests that the nitrogen supply during needle expansion 
was more important than the nitrogen supply during primordia formation in 
determining the final needle size. There was no evidence for that in this experiment. 
There was no lammus' growth during the second year in any tree, and the delayed 
effect of the low nutrient addition rate until the third year suggests that growth during 
ihe second year was determined by the conditions of the previous autumn. In 
addition, the fact that there were no CO2 treatment effects during the second year 
suggests that downregulation and acclimation to elevated CO2 concentrations had 
already happened by the time of needle primordia formation at the end of the first 
growing season. These effects of a determinate growth pattern would not have been 
III a 1i rt ten a cx peti mciii. 
Root growth 
At the end of the first year the root dry mass was increased by elevated CO2 
concentrations. At the end of the three years the root was the only part of the tree in 
which dry mass was increased by elevated CO2 concentrations. More generally, the 
rate of root growth does appear to relate to the growth concentration of CO2. Where 
there is an increase in plant dry mass at elevated CO2 concentrations then the dry 
mass of roots is usually stimulated more than the dry mass of shoots (Mousseau & 
Sauiier. 1992) 
Root growth was also increased by growth inside the open top chambers, and this 
increase is likely to be the result of the slightly higher average temperatures that 
occurred there. This 'chamber effect' affected both above and belowground growth, 
so that it is not clear that root growth was stimulated per se by growth inside the 
chambers. 
Interestingly there was no effect of nutrient treatment on root growth right up to the 
end of the third year - even though the dry mass of all the other tree components was 
increased by growth at the high nutrient addition rate. This suggests that absolute 
root growth may be independent of nutrient availability even though the relative 
allocation to the roots may change. 
Genotype 
There were large differences in growth which were dependent on genotype. 
Comparison of the relative growth rates show that the differences in dry mass 
between clones at the end of the three years were primarily the result of differences in 
their growth rates during the first year of growth. Townend (1993) & Centritto 
(1998) grew clonal Sitka spruce at elevated and ambient CO2 concentrations and 
ound that them -c was a c011iderah1e variation in response among dones. 
Allocation 
Control of allocation 
CO2 treatment had no effect on allocation between the tree components at any 
harvest despite large differences in growth among the treatments. In contrast 
nutrient treatment affected allocation even before it affected the dry mass production. 
Nutrient availability controlled the balance between the relative mass of leader, 
branches and roots. In particular, at the low nutrient addition rate allocation to the 
roots was increased. Ericsson (1995) and Baxter et al (1997) found that there were 
differences in allocation to the root and shoot between nutrient treatments but not 
between CO2 treatments. Lindroth et al (1993) stress that elevated CO2 
concentrations have species specific effects on the root : shoot ratio. In their study of 
three species the root : shoot ratios of aspen were increased, of oak were decreased 
and were not changed in maple. Murray et a! (1996) found only small differences in 
allocation in Sitka spruce after three years at elevated and ambient CO2 
concentrations although they found quite a large (35 %) CO 2 effect on the root 
shoot ratio at the end of the first year of the experiment. 
Growth inside chambers reduced allocation to the needles and increased allocation to 
the roots when compared to growth in the outside plots. This suggests that 
temperature plays a role in the control of the allocation process. Murray et a! (1996) 
found that the root: shoot ratio was reduced in open top chambers when compared to 
growth in the outside plots which is opposite to the effect described in this 
experiment. 
Functional balance 
The functional balance hypothesis only partially explains the observed allocation 
patterns. The overall increase in dry mass at elevated CO2 concentrations during the 
first growing season was partly the result of an increase in the rate of CO2 
assimilation, but this was not matched by the shift of allocation towards roots 
predicted by the functional balance hypothesis. Even during the second and third 
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years, when downregulation had reduced the rate of assimilation at elevated CO2 
concentrations, carbon uptake must have remained higher at elevated CO2 
concentrations than at ambient CO 2 concentrations for the differences in root dry 
mass to have developed. However CO2 treatment did not change the allocation 
pattern at any time. 
In contrast nutrient treatment did change allocation in accordance with the functional 
balance hypothesis. Allocation to the loots was increased by the low nutrient 
addition rate. Both leaf and root nitrogen concentrations were reduced by the low 
nutrient addition rate. Interestingly there was no effect of nutrient treatment on 
allocation to the needles. The relative allocation to the above and below ground 
portions of the trees was controlled by a trade off between leader or branch dry mass 
and root dry mass. Despite possible downregulation at the low nutrient addition rate 
there was still a large enough discrepancy in the internal balance of carbon and 
nitrogen to drive a shift in allocation towards the roots. Townend (1993) found that 
there was no effect of elevated CO2 concentration on allocation between the root and 
shoot but that there was a change in the ratio between needle mass and stem and 
branch mass. Tingey et al (1996) found that the relationship between needles and 
fine root was not changed by exposure to elevated CO concentrations although the 
nitrogen addition rate did change the ratio 
Impact of elei ,ated CO, concc',ztratwns 
Short term and long term effects 
In the short term, the differences between plants grown at ambient and elevated CO 
concentrations were typical of the results of many experiments on the impact of 
elevated CO2 concentrations on tree growth. Higher growth rates and resultin 
increases in dry mass at the end of the first year have been commonly reported. Th 
magnitude of this increase in dry mass (46 %) was consistent with the average vali 
for conifers of 38 % quoted in the literature (Ceulemans & Mousseau, 199 
between CO2 treatments, although most experiments showed an increase in 
allocation to the roots at elevated CO2 concentrations (Mousseau & Saugier, 1992). 
The disappearance of the initial differences between CO 2 treatments in the second 
and third years are consistent with other long term CO 2 experiments on Sitka spruce 
(Murray et at, 1996; Centritto, 1998) and demonstrate the importance of long term 
experiments in understanding the effects of elevated CO2 concentrations on tree 
growth and allocation processes. Since the majority of elevated CO2 impact studies 
have been done over a short time scale, caution should he used in extrapolating 
results to predict the responses of trees to increases in atmospheric CO2 
concentrations. This experiment shows that there may be an initial response to 
elevated CO 2 concentrations which is not maintained in the longer term. 
Water use efficiency 
In line with other studies, there was evidence of an increase in instantaneous water 
use efficiency in elevated CO 2 concentrations (Norby & Oneill, 1991; Johnsen, 
1993; [ngestad eta!, 1996; Lethiec & Dixon, 1996; Drake et al, 1997). This was the 
result of enhanced carbon assimilation rates at elevated CO 2 concentrations (despite 
downregulation) combined with lower stomatal conductances. Reduced stomatal 
conductance implies reduced water loss through stomata. The increase in 
instantaneous water use efficiency does not necessarily imply an increase in the tota' 
tree water use efficiency integrated over time because even though there was ici  
increase in the assimilation rate on the leaf scale at elevated CO 2 corucntiation, 
there were no overall increases in dry mass at elevated CO concentration'. 
I?oh 0/ ill/f iiliul!l 
In combined CO—nutrient experiments the effect of nutrition on growth and 
allocation is more consistent than the effect of elevated CO) concentration. Growth 
at relatively low nutrient addition rates has frequently been found to reduce dry mass. 
leat and needle aica. ii unihei ( )I-  brancIie. height and 1 - a1e of photosynthesis 
Pettersson ci of. 1993 -, Linder & Rook. 1994). In this experiment the effects of 
nutrition were large when compared to the effects of elevated CO 2 concentration. 
Lower nutrient availability led to an increase in starch concentrations which may 
have disrupted the photosynthetic system and reduced the rate of assimilation (Sage, 
1994). In addition, there were lower needle nutrient concentrations at the low 
nutrient addition rate may have resulted in smaller quantities of the photosynthetic 
proteins required for photosynthesis (Mousseau & Saugier, 1992). The effects of 
nutrition were delayed for a year and this is probably a result of the determinate 
growth pattern of Sitka spruce. 
Low nutrient availability reduced shoot growth but did not have any effect on the 
belowground growth. 
Role of genotype 
There were large differences in growth and allocation between the three different 
clones. Townend (1995) also found that there was a considerable variation in 
response to elevated CO2 concentrations and drought in four clones of Sitka spruce. 
The large range of responses in different experiments to elevated CO 2 concentrations 
(Ceulemans & Mousseau, 1994) may be explained at least in part by genetic 
differences amongst species. 
The effect of chambers 
There was a pronounced chamber effect throughout the experiment. Trees grown 
inside the open top chambers grew larger and faster than in the outside plot. Nearly 
all the variables measured showed a chamber effect by the end of the experiment. 
The chamber effect is most likely to have been the result of the slightly higher 
temperatures within the chambers than outside but other differences, such as in 
interception of rainfall, reduced light and air turbulence within the chambers may 
also be important. It is notable that the strong nutrient effect seen within chambers 
was not as obvious (and sometimes absent) in the outside plot. This suggests that 
nutrients were leached faster from pots in the outside plot as a result of increased 
rainfall, or that there was an increased source of nutrients from the surroundings. 
2(3 
The lower tissue nutrient concentrations in the outside plot would suggest that 
leaching was more likely to be responsible. 
CONCLUSIONS 
• Elevated CO2 concentrations stimulated growth in the short term, but this effect 
was limited to the first growing season. By the end of the three year experiment there 
were no significant effects of CO2 on growth. The elimination of a CO2 response 
after the first year was a consequence of an acclimation process prompted by a build 
LIP of starch which led to downregulation of photosynthesis and a possible increase in 
carbon losses through fine root turnover, root exudation or volatilisation. 
• At the end of three years the only significant difference in dry mass between CO 2 
treatments was in the roots. Contrary to predictions of the functional balance 
hypothesis, there were no effects of elevated CO2 concentration on allocation. The 
increase in carbon uptake in elevated CO2 concentrations was counteracted by 
downregulation of photosynthesis leading to a decrease in the uptake rate or by 
increased loss of excess carbon from the system. 
• Nutrient availability had a large elfect on growth and allocation. Allocation wt' 
affected by nutrient addition rate in a way which was consistent with the functional 
balance hypothesis. The effects of nutrient availability far outweighed the effects of 
elevated CO concentration. 
• There were large differences in growth and allocation between clones of the same 
species. The differences between clones matched the differences between any othc 
treatment and demonstrate the importance of genetic limitations to our understandi' 
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• There was a marked difference between growth inside open top chambers and 
growth in the outside plot. Extrapolation from the results of open top chamber 
experiments to make predictions on future impacts of increased CO2 concentrations 
should he carried out with extreme caution. 
Chapter 6 
SYNTHESIS AND CONCLUSIONS 
tNFR( )l)L (F1( )N 
This synthesis brings together results from all three experiments and discusses the 
similarities and differences in the tree responses to elevated CO2 concentrations, and 
availability of nutrients and water. Following the synthesis, there is a discussion 
the factors controlling allocation and a section of rcnerad concliisioii drawn from the 
IWwe FeCJIcIi arc nicid 
SY\T iIFS1 
Figures 6.1 to 6.5 sumrnarise the main results from every harvest in each of the three 
experiments presented in this hei . The client ol each ret men t k hnvn a 
percent change for a variable 
V 
chance 	I Ut) 
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ycamore 	Peach 	 Sitka spruce 
Sycamore 	Peach 	 Sitka spruce 
experiment experiment experiment 
CO. effect M Nutrient effect = Chamber effect 
Clone effect M Irrigation effect 
Figure 6.1. Summary of the effects of CO 2 . nutrient, chamber, clone and irrigation treatments on a) 
total DM, b) aboveground DM, c) stem DM, d) branch DM, e) leaf DM and f) root DM at each 
harvest for the sycamore, peach and Sitka spruce experiments. Percent change is defined as the 
percentage increase or decrease as a result of (i) elevated CO 2 concentrations when compared to 
ambient CO, concentrations or (ii) the high nutrient addition rate when compared to the low nutrient 
addition rate or (iii) growth inside open top chambers when compared to growth in the outside plot or 
(iv) the largest difference between clones or (v) water being supplied at field capacity when compared 
to a four week drying cycle. Stars (*) signify an effect which was significant (p < 0.05). N.D. denotes 
harvests for which the variable was not measured. 
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Sycamore 	Peach 	 Sitka spruce 
experiment experiment experiment 
CO2 effect M Nutrient effect = Chamber effect 
Clone effect 	Irrigation effect 
Fi gure 6.2. Summary of the effects of CO,, nutrient, chamber, clone and irrigation treatments on a) 
root : shoot ratio, b) root : needle ratio, c) stem allocation, d) branch allocation, e) leaf allocation and 
f) root allocation at each harvest for the sycamore, peach and Sitka spruce experiments. Percent 
change is defined as the percentage increase or decrease as a result of (i) elevated CO 2 concentrations 
when compared to ambient CO 2 concentrations or (ii) the high nutrient addition rate when compared to 
the low nutrient addition rate or (iii) growth inside open top chambers when compared to growth in the 
outside plot or (iv) the largest difference between clones or (v) water being supplied at field capacity 
when compared to a four week drying cycle. Stars (*) signify an effect which was significant (p < 
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Sycamore 	Peach 	 Sitka spruce 
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Figure 6.3. Summary of the effects of CO 2 . nutrient, chamber, clone and irrigation treatments on a) 
leaf area, b) specific leaf area (SLA), c) number of leaves per plant, d) leaf nitrogen concentration, and 
e) leaf starch concentration at each harvest for the sycamore, peach and Sitka spruce experiments. 
Percent change is defined as the percentage increase or decrease as a result of (i) elevated CO 2 
concentrations when compared to ambient CO, concentrations or (ii) the high nutrient addition rate 
when compared to the low nutrient addition rate or (iii) growth inside open top chambers when 
compared to growth in the outside plot or (iv) the largest difference between clones or (v) water being 
supplied at field capacity when compared to a four week drying cycle. Stars (*) signify an effect 
which was significant (p < 0.05). N.D. denotes harvests for which the variable was not measured. 
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Figure 6.4. Summary of the effects of CO 2 . nutrient, chamber, clone and irrigation treatments on a) 
assimilation rate (A), b) stomatal conductance (g e ), c) instantaneous water use efficiency (WUE), d) 
Jmax, e) V rna ,, and f) Rd at each harvest for the sycamore, peach and Sitka spruce experiments. Percent 
change is defined as the percentage increase or decrease as a result of (i) elevated CO 2 concentrations 
when compared to ambient CO2 concentrations or (ii) the high nutrient addition rate when compared to 
the low nutrient addition rate or (iii) growth inside open top chambers when compared to growth in the 
outside plot or (iv) the largest difference between clones or (v) water being supplied at field capacity 
when compared to a four week drying cycle. Stars (*) signify an effect which was significant (p < 
0.05). N.D. denotes harvests for which the variable was not measured. 
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Figure 6.5. Summary of the effects of CO 2. nutrient, chamber, clone and irrigation treatments on a) the 
height, b) the number of branches per tree, c) the collar diameter and d) the basal diameter at each 
harvest for the sycamore, peach and Sitka spruce experiments. Percent change is defined as the 
percentage increase or decrease as a result of (i) elevated CO 2 concentrations when compared to 
ambient CO, concentrations or (ii) the high nutrient addition rate when compared to the low nutrient 
addition rate or (iii) growth inside open top chambers when compared to growth in the outside plot or 
(iv) the largest difference between clones or (v) water being supplied at field capacity when compared 
to a four week drying cycle. Stars (*) signify an effect which was significant (p < 0.05). N.D. denotes 
harvests for which the variable was not measured. 
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CONTROLS ON ALLOCATION 
Genetic 
Species differences 
There were differences in allocation both among species and among clones (Figure 
6.2). CO2 treatment significantly affected stem allocation in sycamore and leaf 
allocation in peach. However, there were differences in allocation trends between the 
three experiments as a result of CO2 treatment. Stem and root allocation were 
decreased at the higher CO2 concentration in sycamore whereas they were increased 
in peach and Sitka spruce (year 1). The opposite effect was observed on leaf 
allocation which was increased in sycamore but decreased in peach and Sitka spruce 
at elevated CO 2 concentrations. Differences of this sort between species responses to 
elevated CO2 concentrations are well documented (Lee & Jarvis, 1995). At elevated 
CO2 concentrations Pinus taeda, Liquidambar slyraczflua and Pinus radiata have 
shown increases in branch allocation (Sionit et al, 1985) and stem allocation (Tolley 
& Strain, 1984; Conroy et a!, 1986) while in birch there was none (Petterson & 
McDonald, 1992). El Kohen, Venet & Mousseau (1993) found that the allocation of 
chestnut and beech trees grown alongside each other in an elevated CO2 
concentration experiment was different. In sweet chestnut there was only an increase 
in root allocation while beech increased allocation to all components equally. 
There were differences between Sitka spruce clones in the root : shoot ratio (year 2) 
and the stem and leaf allocation (year 3). Townend (1993) reported a variety of 
responses to elevated CO2 concentrations between four Sitka spruce clones. 
There was no difference in the directional response of allocation to nutrient 
treatments among species. At the high nutrient addition rate there was always a 
decrease in root allocation and the root: shoot ratio while branch and stem allocation 
was increased. Leaf allocation was unchanged or increased by the higher nutrient 
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addition rate. It is often reported that a higher nitrogen supply significantly reduces 
the root : shoot ratio (Ingestad & Lund, 1986; Ericsson, 1981; Linder & Rook, 
1984). 
Ontogeny 
Although there are likely to be major differences in growth and allocation between 
juvenile trees and mature trees (Kozlowski et at, 1991), this study was not designed 
specifically to measure these differences in allocation. Lee & Jarvis (1996) found 
that the response to elevated CO2 concentrations of Sitka spruce seedlings, clones 
and branches differed markedly with the age of the material. Branches which were 
the most mature tissue showed the smallest response to elevated CO2 concentrations. 
The increase in dry mass of seedlings was smaller than for the more mature clonal 
material which responded most to elevated CO2 concentrations. 
Phenology (determinate vs indeterminate & shorter growing season) 
In this study the response of trees to nutrition was strongly dependent on whether the 
species had a determinate or indeterminate growth pattern. Sycamore trees which 
have an indeterminate growth pattern were able to respond to the split nutrient 
treatment in the same year of growth whereas in Sitka spruce which shows a 
determinate growth pattern the response was delayed by one year. The delayed 
changes in allocation pattern in Sitka spruce were caused by a lag in the growth 
response to the nutrient treatments (Figure 6.1). Murray et at (1996) also suggest that 
the growth response of Sitka spruce can be delayed by a predetermined growth 
pattern. Murray et al (1994) showed that another important phenological effect is the 
difference in length of growing season between treatments. The growing season at 
elevated CO2 concentrations was significantly shorter than the growing season at 
ambient CO2 concentrations because elevated CO2 concentrations delayed bud burst. 
Low nutrient availability also shortened the length of the growing season by delaying 
bud burst and promoting an early autumn bud set. 
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Functional balance 
The effect of nutrition (N and other nutrients) 
There is evidence that the rate of uptake of nutrients was increased by the high 
nutrient addition rate in the sycamore and Sitka spruce experiments. In both 
experiments the leaf nitrogen concentration was reduced by the low nutrient addition 
when compared to the high nutrient addition (Figure 6.3). The root shoot ratio was 
always reduced by the high nutrient addition rate when compared to the low nutrient 
addition rate and this is consistent with the functional balance hypothesis. The 
decrease in root : shoot ratio at the higher nutrient addition rate was caused by a 
significant increase in stem and branch allocation and decrease in root allocation in 
both sycamore and Sitka spruce. In sycamore trees there was also a significant 
increase in leaf allocation at the high nutrient addition rate although this was absent 
in Sitka spruce trees. 
The decreases in root : shoot ratio at the higher nutrient addition rate were not 
attributable to changes in belowground dry mass in either the sycamore or Sitka 
spruce trees (Figure 6.1). The changes in root : shoot ratio were caused by 
differences in the aboveground dry mass. There were increases in the stem, branch 
and leaf dry mass which caused the changes in aboveground dry mass between 
treatments. It is well established that increases in nutrient supply lead to a larger 
total dry mass and increases in shoot allocation (Ingestad & Lund, 1986; Ericsson, 
1981; Linder& Rook, 1984). 
The effect of elevated CO2 concentrations 
There is evidence that the rate of uptake of carbon was increased by elevated CO2 
concentrations (Figure 6.4a) in both the peach and Sitka spruce experiments and the 
leaf area in sycamore and Sitka spruce was also increased (Figure 6.3). However, 
there were no significant CO2 effects on the root : shoot or root : needle ratio in any 
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of the three experiments. The only significant effects on allocation at elevated CO2 
concentrations were a decrease in stem allocation in sycamore trees and a decrease in 
leaf dry mass in peach trees. Although these observations are not consistent with the 
functional balance hypothesis they are not uncommon. A number of experiments 
have found a decrease in the root : shoot ratio, or no change (Tolley & Strain, 1984; 
Conroy et al, 1986; Mousseau, 1992) in association with well fertilised trees. It is 
possible that allocation to the roots did increase at elevated CO2 concentrations but 
that the extra assimilate was used in fine root turnover or to fuel an increase in root 
exudation. Linder & Rook (1984) cite sources which suggest that the carbohydrate 
demands of roots are high because they require extra assimilate for fine root 
production and mychorrhizal associations. O'Neill et al (1987) suggest that increased 
allocation to the fine roots and exudation may increase the trees rate of nutrient 
uptake by encouraging mycorrhizal associations. Rouhier et a! (1994) found that 
although the net uptake of carbon by sweet chestnut trees was significantly increased 
by elevated CO2 concentrations, a large proportion of the additional carbon uptake 
was 'lost' through the root system. However, the lost carbon increased mychorrizal 
association and microbial activity and they suggest that if plant rhizodeposition was 
expressed as a function of the root dry weight then elevated CO2 concentration led to 
an increase in root allocation. 
Despite there being no changes in allocation between CO2 treatments, there were 
large changes in dry mass. In the sycamore, peach and Sitka spruce (year 1) trees 
there were large increases in the dry mass of all aboveground components. However, 
although the root dry mass of Sitka spruce (year 1) and peach were significantly 
affected by CO2 treatment, there was no effect on the root dry mass of sycamore 
trees. In the final year of the Sitka spruce experiment there were no differences 
between CO2 treatments in the dry mass of any component, with the exception of the 
root dry mass. 
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The interaction between nutrient and CO2 availability 
There was evidence of downregulation of photosynthesis at elevated CO2 
concentrations in the second year of the long term experiment on Sitka spruce (Figure 
6.4) as indicated by a reduction in biomass increment at elevated CO2 concentrations. 
There was no evidence of downregulation of photosynthesis induced by elevated CO2 
concentrations in the other two experiments although in the sycamore experiment 
there was downregulation of photosynthesis at the low nutrient addition when 
compared to the high nutrient addition. Even though there were large differences in 
photosynthesis between nutrient treatments in Sitka spruce trees there was no 
significant nutrition related downregulation of photosynthesis. 
Mousseau & Saugier (1992) separate the effects of increases in atmospheric CO2 
concentration on photosynthesis into short term and long term effects. They 
reviewed the literature to find that in the short term the assimilation rate was 
increased by elevated CO2 concentrations but that in the long term the response was 
much more variable. It is now generally accepted that downregulation of 
photosynthesis can be a response to nutrient limitation and in elevated CO2 
experiments the effects of this acclimation are usually not seen where nutrition is 
optimal (Arp, 1991; Sage, 1994). 
Downregulation in both elevated CO2 concentration and with low nutrient addition 
was correlated with lower leaf nitrogen concentrations and increased leaf starch 
concentrations in all three species (Figure 6.3). Low tissue nutient concentrations 
may affect photosynthetic capacity directly through reductions in Rubisco 
concentrations (Mousseau & Saugier, 1992) or indirectly by causing an accumulation 
of soluble carbohydrates and starch which disrupt the photosynthetic system (Sage, 
1994; Van Oosten & Besford, 1996). The decrease in specific leaf area which was 
observed at elevated CO2 concentrations in all three experiments has been typically 
associated with increases in soluble carbohydrates and starch (Ceulemans & 
Mousseau, 1994). 
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Is the CO2 effect the same as a nutrient limitation? - modes of action of C and N - C 
and N as growth substrates. 
Ceulemans & Mousseau (1994) posed the question 'is the CO2 effect a mineral 
nutrition effect?' Certainly, many of the symptoms of growth at elevated CO2 
concentration would appear to be similar to the symptoms associated with low 
nutrition although new evidence from this study suggests that some of the effects are 
unique to the individual variables. In the Sitka spruce experiment elevated CO2 
concentrations increased root growth and did not affect the aboveground growth at 
all. In contrast low nutrient availability reduced shoot growth but did not have any 
effect on the belowground growth. In this case, although CO2 and nutrient 
availability changed the root : shoot ratio in the same way, they appeared to control 
growth in quite different ways. However, in sycamore trees changes in allocation 
were all driven by shoot growth as there were no signicant changes in root growth 
between CO2 or nutrient treatments. 
El Kohen, Rouhier & Mousseau (1992) and El Kohen, Venet & Mousseau (1993) 
present results for allocation which match the patterns outlined above. They found 
differences in allocation between two species. In sweet chestnut all additional dry 
matter was allocated to the roots while in beech it was allocated equally between all 
components. In sweet chestnut they found that allocation depended on the level of 
fertilisation. On unfertilised soil only the root dry mass was increased while on 
fertilised soils only the stem dry mass was increased. 
These observations remind us that the functional balance hypothesis describes rather 
than explains allocation (Cannel! & Dewar, 1994). The functional balance describes 
how a plant should respond to the rates of carbon and nutrient uptake to maintain 
balanced growth, but it does not suggest how the plant actually achieves this balance. 
The transport-resistance models of allocation (Thornley, 1991; Dewar, 1993) do 
respond in accordance with the functional balance hypothesis while providing a 
mechanistic basis for the allocation process. They generate shifts in the root : shoot 
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Figure 6.6. a) Schematic representation of the root-shoot partitioning model based on carbon-nitrogen-water interactions and Munch phloem flow 
(Dewar, 1993). (oh, rate of nitrogen uptake; o, rate of carbon uptake; W, dry mass of meristem; C, concentration of labile carbon; N, concentration of 
labile nitrogen; ft(p), a function of the local water potential). Water and nitrogen are taken up by the roots. A fraction of nitrogen goes directly to the 
roots and the rest passes to the shoot through the xylem. Movement through the xylem is driven by evapotranspiration. Carbon is taken up by the 
shoot and moves to the root through the phloem. Movement of carbon through the phloem is driven by a concentration gradient between the shoot and 
root. Growth of both shoot and root is proportional to the product of the local labile nitrogen and carbon concentrations and a function of the local 
water potential. b) The modelled response of allocation to an increase in the rate of carbon uptake. c) The modelled response of allocation to a 
decrease in the rate of nitrogen uptake. 
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transpiration 
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ratio by relative differences in the growth rates of the shoot and root. They can show 
us how carbon and nitrogen might affect different parts of the tree to achieve shifts in 
root : shoot ratio (Figure 6.6). However, these models still do not explain how 
carbon or nitrogen could change allocation to just one tree component as described in 
the results above. 
I suggest that given the modular response of allocation in the Sitka spruce and 
sycamore experiments described in this study and in the work of El Kohen et al 
(1993), there is sufficient evidence to reject any model of allocation which operates 
through changing the relative rates of growth of different tree components. These 
experiments imply a mechanism which involves a switching mechanism for sink 
activity. Pollock & Farrar (1996) review the possible role of sucrose in regulating 
source-sink relations and hypothesise that sucrose may up-regulate sink genes 
associated with sucrose hydrolysis and growth. I propose that there may be a more 
complex switching mechanism which depends on the local concentrations of labile 
carbon and nutrient (Figure 6.7). 
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Figure 6.7. Schematic representation of a model based on flows as defined by Dewar (1993) 
but with sink growth depending on a switching mechanism driven by local concentrations of 
carbon and nitrogen and the carbon : nitrogen ratio. 
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A number of authors discuss the mechanisms which underlie observed 
downregulation of photosynthesis and suggest that increases in carbohydrate 
concentrations might down-regulate the expression of photosynthetic genes (Drake et 
al, 1996; Pollock & Farrar, 1996). Drake et a! (1997) link increased concentrations 
of sucrose and starch to a decrease in RUBISCO concentrations in elevated CO2 
concentrations. 
The effect of water availability 
High water availability increased the root : shoot and root : leaf ratio, decreased leaf 
allocation and increased root allocation in peach trees (Figure 6.2). However, these 
changes did not support predictions made by the functional balance hypothesis. The 
functional balance hypothesis predicts that a low water availability should result in an 
increase in allocation towards the root to maintain the water requirements of the tree 
(Cannell & Dewar, 1994). A number of other experiments have investigated the 
effect of water availability on allocation (Bhattacharya et a!, 1990; Prior et a!, 1997; 
Vivin & Guehl, 1997) and have reported increases in root allocation when water 
availability was low, consistent with the predictions of the functional balance 
hypothesis. In the peach experiment in the current study, changes in root allocation 
and root: shoot ratio were attributable to smaller fine root dry mass as a result of the 
drying cycle when compared to the fine root dry mass of trees which were watered to 
field capacity. The reduction in fine roots of plants subjected to the drying cycle was 
probably caused by the severe water shortage, as fine roots are particularly vulnerable 
to dessication. 
The interaction with CO2 concentrations (WUE) 
A very large number of studies have found increases in the instantaneous water use 
effciciency at elevated CO2 concentrations when compared to ambient CO2 
concentrations (Eamus, 1991, Drake et al, 1997). In the experiments presented in 
this thesis elevated CO2 concentrations always increased the instantaneous water use 
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efficiency (Figure 6.4). Despite an increase in the instantaneous water use efficiency 
the peach experiment shows that there were no differences in the whole plant water 
use. This indicates that elevated CO 2 concentrations do not necessarily result in 
water conservation but may alleviate the affects of water shortage on growth in the 
short term. Literature sources describe a range of responses. Increases in water use 
efficiency at elevated CO2 concentrations may be offset by a larger total water use 
efficiency which makes plants less able to cope with soil water shortages (Kerstiens 
et al, 1995; Heath & Kerstiens, 1997) or a reduction in the total water use reduces the 
effects of drought (Rogers & Runion, 1994). 
The pipe-model 
The relationships between sapwood cross-sectional area and leaf area or leaf dry 
mass were unchanged by any treatment in both the peach and Sitka spruce 
experiments. This supports the idea that there is a constant relationship between the 
leaf area or dry mass and the conducting sapwood cross-sectional area (Schinozaki et 
al, 1964). However, in the sycamore experiment there was evidence that this 
relationship did vary significantly between CO2 and nutrient treatments. Elevated 
CO2 concentrations increased the leaf area : sapwood cross-sectional area ratio. 
There were increases in the instantaneous and whole plant water use efficiency and in 
the total leaf area. Increased water use efficiency per unit of leaf area suggests that 
there was a functional requirement for less conducting xylem per unit leaf area and 
that this manifested itself in a relative reduction in the stem cross-sectional area when 
compared to the leaf area. 
Is water limitation the same as nutrient limitation? 
Leaf nitrogen concentrations were higher in peach trees which were watered to field 
capacity than in those which were subjected to the drying cycle (Figure 6.3). This 
result suggests that low nutrient uptake rates may be responsible for allocation 
responses to a shortage of water availability as suggested by Rogers et al (1992). 
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However, the allocation response of peach trees to low water availability was to 
increase leaf allocation and reduce root allocation and this contradicts the response to 
low nutrient availability predicted by the functional balance hypothesis. This study 
does not support the hypothesis that the mechanism of allocation response to water 
shortage is driven by a concurrent shortage of nutrient. 
Investing in tissues with high C: N ratios 
There is no evidence from this study to support the hypothesis that there would be an 
increased allocation to tissues with a low carbon : nitrogen ratio at elevated CO2 
concentrations or at a low nutrient addition rate (Figure 6.2). Indeed, the opposite 
was true. Stem allocation was significantly reduced in the sycamore experiment at 
both elevated CO2 concentrations and at the low nutrient addition rate. In the Sitka 
spruce experiment stem allocation was increased by the higher nutrient addition 
regardless of CO2 treatment. While some reports show an increase in branch dry 
mass and stem dry mass at elevated CO2 concentrations (Tolley & Strain, 1984; 
Sionit et al, 1985; Conroy et al, 1986) others give no change or show a reduction in 
the dry mass of these tissues (Pettersson & McDonald, 1992). The results presented 
in this study suggest that allocation to the stem and branches are only increased when 
the tree is growing in balance. Increases in fertilisation are well known to increase 
the stem yield of trees (Linder & Rook, 1984). 
Experimental considerations 
Short term versus long term experiments 
The results of the Sitka spruce experiment are a potent reminder that the results of 
short term investigations on the impacts of elevated CO2 concentrations on growth 
are often different from the results of long term experiments. Murray et al (1996) 
and Centritto (1998) found results for Sitka spruce which were in agreement with this 
study. The importance of long term experiments cannot be underestimated if the 
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results are to be used in predicting the response of trees and forests to future 
increases in atmospheric CO2 concentrations. 
The effect of growth in pots 
Arp (1991) found a marked reduction in sink activity when trees were grown in pots 
when compared to trees grown in the field. Arp found that small pot volumes 
restricted root growth and changed allocation patterns. At elevated CO2 
concentrations there was an increase in the root : shoot ratio when root growth was 
unlimited by pot volume but decreased for plants grown in small pots. Arp also 
found that pot volume had a strong influence on downregulation of photosynthesis. 
In the experiments presented in this study trees were repotted annually and pots were 
selected with a large volume when compared to the size of the root ball to avoid pot 
related changes in allocation. McConnaughay et al, (1993) suggested that Arp's 
study neglected the influence of pot size on the effects of nutrition and showed that 
nutrition is more important than the actual pot size. Interestingly they also suggest 
that the shape of pots influence the response of trees to elevated CO2 concentrations. 
The chamber effect 
There were large differences in allocation and dry mass in all three experiments 
presented in this thesis in response to growth inside chambers when compared to 
growth in the outside plot (Figures 1 and 2). The main variations between the 
environments of outside plots and open top chambers are in temperature, radiation 
and atmospheric turbulence (Taylor et al, 1994). However, there were differences in 
the direction of the chamber effect among experiments. Root allocation of sycamore 
and peach was decreased in chambers, while in Sitka spruce it was increased. In 
contrast, leaf allocation was increased inside chambers in the sycamore and peach 
experiments, whereas in the Sitka spruce experiment it was decreased. These 
differences may be attributed to differences in the experimental design. In both the 
sycamore and peach experiments the open top chambers and outside plot were 
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situated inside a glasshouse. The air used to fumigate the chambers was channelled 
from outside the glasshouse so that the air temperature inside the open top chambers 
was often lower than the air temperature in the 'outside plot'. In the Sitka spruce 
experiment the air temperature inside open top chambers was higher when compared 
to the air temperature of the outside plot, because the outside plot was not under 
glass. These observations would suggest that the response of trees to differences in 
temperature tended to be the same in each experiment. Increased temperature 
reduced leaf allocation but led to larger root allocation and therefore increased root 
shoot ratios. There may have been differences in nutrition between open top 
chambers and the outside plot in the Sitka spruce experiment (Chapter 5, 
Discussion). There is some evidence that trees in the outside plot had a lower 
nutrient availability than trees inside the chambers which may have been caused by 
increased interception of rainfall and therefore leaching of nutrients from the soil. 
The magnitudes of the differences between plants grown inside the open top 
chambers and the outside plot were often as large as the magnitude of the CO2 effects 
and it is not clear from these experiments what the interactive effects of elevated CO2 
concentration and temperature on growth and allocation are. Predictions of the effect 
of future increases in atmospheric CO2 concentrations can only be made with 




. There are differences in allocation and growth among species and among clones 
of the same species. 
• The growth response of trees which have a determinate growth pattern is different 
from the growth response of trees which have an indeterminate growth pattern. The 
growth and allocation of species with a determinate growth pattern are controlled by 
the previous years growing conditions while the growth of species with an 
indeterminate growth pattern are determined by current growing conditions. 
• The functional balance hypothesis is useful in predicting shifts in allocation in 
response to changes in the availability of carbon and nutrients but it does not fully 
explain the observed allocation patterns. The functional balance hypothesis is 
essentially descriptive rather than explanatory, and similar changes in allocation can 
emerge under different growth scenarios. 
• There was no conclusive evidence that allocation is controlled by the local 
concentrations of labile carbon and nitrogen. Models which change allocation by 
different relative rates of growth of different tree components do not explain 
observed changes in allocation which are the result of increased growth of just one 
component. 
• Water availability has an effect on the nutrient status of trees, but there is no 
evidence that changes in allocation in response to shortages of water are a result of 
low nutrient availability alone. 
• The long term effects of elevated CO2 concentrations on tree growth and 
allocation may be different from those in the short term. The data showed that in 
Sitka spruce an increase in biomass at the end of the first year was eliminated during 
two subsequent years so that there was no dry mass difference between CO2 
treatments at the end of the experiment. 
285 
• Downregulation of photosynthesis leads to smaller changes in allocation, 
although it is also possible that it was associated with increased allocation to hidden 
processes such as fine root turnover, root exudation and volatilisation. 
• There were increases in the instantaneous water use efficiency at elevated CO2 
concentrations although in peach trees, the total water use appeared unchanged. The 
relationship between leaf area and stem cross-sectional area may be reduced at 
elevated CO2 concentrations in some species and this may be because of increases in 
instantaneous water use efficiency mediated through a reduction in stomatal 
conductance. 
• Allocation to the wood and branches was not favoured when nutrients were 
limiting or at elevated CO2 concentrations. Trees do not invest in tissues with a high 
carbon to nitrogen ratio when nutrients are limiting. 
• The impact on tree growth of predicted future increases in elevated CO 2 
concentrations will depend largely on the interaction of CO 2 concentration with other 
factors such as nutrition, water availability and temperature. At optimal levels of 
nutrition elevated CO2 concentrations are likely to result in increases in biomass but, 
conversely, any CO 2 induced increases will be reduced by poor nutrient availability. 
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SUGGESTIONS FOR FUTURE RESEARCH 
• While the experiments in this study measured allocation in terms of biomass 
accumulation there is a need to quantify allocation to hidden components such as fine 
root turnover, root exudation and volatisilisation. The effects of increased 
rhizodeposition are of particular interest and importance because they may increase 
mineralisation, litter decomposition and the rate of nutrient uptake. 
• It would be extremely valuable to measure the complete carbon and nitrogen 
budgets of trees. This would involve intensive measurements of photosynthesis to 
allow accurate estimates of seasonal carbon uptake and quantification of respiration, 
growth, and any other carbon losses from the system. Because allocation is so 
closely bound to the nutrition of trees it is important that the full nutrient budget is 
understood alongside the carbon budget. 
• Tracer experiments may help to uncover the sequence of processes which give 
rise to an allocation pattern. The use of stable isotopes of carbon (C' 3) and nitrogen 
(N' 5 ) in split CO2 and nutrient experiments would allow us to investigate the effects 
of these variables on short term allocation patterns. 
• In the experiments presented in this study the availabilities of all the nutrients 
required for growth were varied together. There is evidence that different nutrients 
affect allocation in different ways (McDonald et al, 1991). Experiments which 
investigate the effect of the availability of one nutrient at a time are required if we 
are to understand how trees will respond to a wide range of growing conditions. 
• A large proportion of experiments which investigate the effects of elevated CO2 
concentrations on growth and allocation processes are short term experiments which 
last for less than one year. The results of short term experiments may be misleading 
if they are to be used in predicting future changes in growth at increased atmospheric 
CO2 concentrations. More long term experiments to determine the effects of elevated 
CO2 concentrations on tree growth and allocation are required. Other experimental 
considerations which have arisen from previous experiments also need to be 
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considered. There should be a preference for soil-grown trees to avoid pot 
limitations, and nutrition should be controlled in the light of research which shows 
that it is the rate of nutrient addition which is important in determining limitation not 
nutrient concentration (Ingestad & Agren, 1992). 
• The interactive effects of elevated CO2 concentration and temperature are poorly 
understood but are crucial if extrapolations from trees grown in open top chambers 
are to be used to predict responses to future increases in atmospheric CO2 
concentrations. This is especially important because of the possibility of an 
associated rise in temperature with increasing CO 2 concentration. 
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